This Page Is Inserted by IFW Operations 
and is not a part of the Official Record 

BEST AVAILABLE IMAGES 



Defective images within this document are accurate representations of 
the original documents submitted by the applicant. 

Defects in the images may include (but are not limited to): 

BLACK BORDERS^^ 
TEXT CUT OFF AT TOP, BOTTOM OR SIDES 
FADED TEXT 
ILLEOroLE TEXT 
SKEWED/SLANTED IMAGES 
COLORED PHOTOS 

BLACK OR VERY BLACK AND WHITE DARK PHOTOS 
GRAY SCALE DOCUMENTS 



IMAGES ARE BEST AVAILABLE COPY. 



As rescanning documents will not correct images, 
please do not report the images to the 
Image Problem Mailbox. 



WORLD INTELLECTUAL PROPERTY ORGANIZATION 
Intemattonal Bonau 




PCX 

INTEENAnONAL APPUCATION PUBLISHED UNDER THE PATENT COOPERATION TREATS (PCI) 



(51) Intenudional Patent Clasafication ^: 

C07C 45/^50, n/TXt, BOU 31/02, 31/12; 
C07F 7/08, 9/50 



Al 



aUinteiiuifionaiPiibfiGiiionNiniibw WO 80^0100 

(43) IntHmatronaiPidilicatioii Date: 21 August 1980 (21.08.80) 



(21) Intematioiial A^plicatioii Nnmben PCr/US80/00213 

(22) Intemalioiial ElBng Date: 12 Februaiy 1980 (12.02.80) 



(31) Priority AppBntinn Numbea; 



011^8 
043^48 
114,627 



(32) Prioriir Dates: 



(33) Priori^ Coimtiy: 



12 February 1979 (12.0X7?) 

29 May 1979 (29.05.79) 
23 January 1980 (23.01.80) 

US 



(71) Applicaiit: EXXON RESEARCH AND ENGINEE- 

RING COMPANY [USAJSl; P.O. Box 390, Florbam 
ParicNJ 07932 (US). 

(72) LuTcntors: OSWALD, Alexis, A4 1098 Sunny Slope Dri- 

ve, Mountainside, NJ 07091 (US). JERMANSEN, 



Torris, G.; 245 Getz Avenue, Staten Island, NY 10312 
(US). WESTNER, Andrew, A.; 1 Short Way,Paranius, 
NJ 07652 (US). HUANG, IJ3er, Rifle Camp Road, 
WestPaterson, NJ 07424 (US). 

(74) Aeeaats: MATALON, Jack et aL; Exxon Research and 
Engineering Company, P.O. Box 390, Floriiam Park, 
NJ 07932 (US). 



(81) Deggnated States: BR, DE, PR (European patent), GB, 
JP,NL,SE. 



Pidifished 

With mtemadonaJ search report 

Published before the expiration of the time limit for amending 
the claims and to be republished in ^e event of the receq>t of 



(54) Title: CARBONYLATION PROCESS AND NOVEL TRANSmON METAL CATALYSTS 



KEY STEPS IN THE MECHANISM OF PHOSPHINE-RHODIUM 
COMPLEX CATALYZED HTDROFORMYLATION OF OLEFINS 



Rli(CC8H- 



tris-phosphhie 



•tAr^PR^RhlCO)H 

. trans* 
bis phosphine 



RChW^Hg 



RCSt 



-RCl 



t^CH^CHO j 



I 

(At PR) Rh(0O)H- 
2 2 I 

RCH«CH„CO 
2 2 



«2 



LReorr 
2. CO 



>(ArPR) RMCO) 
2 2 I 

RCH^CH^CO 
2 2 



(ST) Abstract 

Compositians of matter which are highly useful in hydrofonnylationprocesses. The compositions are non-charged, non- 
dielated bis- and tiis^all^l diaiyl phosphine) rhodium carbon34 hydrides. The substituents of the alkyl group include heteroor- 
ganic radicals containing sHane, silicone^ ether, ester, keto and hydroxy oxygen, phosphine oxide and phosphorus ester phos- 
phorus, amine, amide, amine oxide and heterocyclic nitrogen groups. These compositions are highly stable and selective cata- 
Isrsts for the hydroformylation of olefins under certain conditions..The disclosed catalyst systems contain alarge excess of phos- 
phine ligand and employ alpha-olefinplus synthesis gas reactant mixtures having a highH2/CO ratio at relatively low pressures, 
They produce mostly aldehydes derived from terminal attack on the alpharolefm reactant In the case of low olefins, such as bu- 
tene-1, the products can be advantageously removed in a continuous manner, as distillate components &om a ligand reaction 
mixture kept at an elevated temperature and continuously fed by an appropriate mixture of the reactants. 
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TITLE: 

CARBONYLATION PROCESS AND 
NOVEL TRANSITION METAL CATALYSTS 

TECHNICAL FIELD 

The present invention is related to selective 
alkyl diary 1 phosphine transition metal complex olefin 
hydroformylation catalysts. More particularly, the subject 
5 of this invention is certain, new selective alkyl diaryl 
phosphine rhodium complex hydrof ormylation catalysts. As 
such, the invention is specifically related to substituted 
tris-( alkyl diphenyl phosphine) rhodiiam carbonyl hydride 
complexes . 

10 A special aspect of the invention is concerned 

with the preparation, physicochemical and catalytic 
properties of the novel complexes, i.e. , phosphine 
basicity, stereochemistry versus complex formation, thermal 
stability of complexes, correlations of catalyst selec- 

15 tivity and activity with hydrof ormylation reaction rates at 
different temperatures. The effects of excess phosphine 
ligand, excess hydrogen, carbon monoxide partial pressure 
on the catalytic properties and on catalyst selectivity to 
linear aldehydes are also related. 

- 20 BACKGROUND ART 

Transition metal complexes containing phosphine 
ligands have been widely studied as catalysts for hydro- 
f ormylation and hydrogenation . General application of such 
complexes in reaction with carbon monoxide are discussed, 
25 e.g., in the monograph of Juergen Falbe, "Carbon Monoxide 
in Organic Synethesis, Springer Verlag, New York, 1970. 

There were a number of all inclusive patent 
disclosures on the use of phosphine rhodium complexes as 
hydroformylation catalysts: German Of f enlegungsschrif t 
30 2,758,4-73 by W.E. Smith (assigned to General Electric) 
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disclosed them for allyl alcohol hydroformylation; U.S. 
Patent No. 4,137,24-0 by M.L- Peterson (assigned to E.I. 
DuPont de Nemours and Co.) described them for 2-vinyl-4- 
methyl-1 , 3-dioxane batch hydroformylation; U.S. Patent No. 
5 3,965,192 by F.B. Booth (assigned to Union Oil Co. 

of California) disclosed them for the hydroformylation of 
raonoolefins; U.S. Patent No. 041, 082 by T, Onoda and T. 
Masuyama (assigned to Mitsubishi Chemical Industries) 
defined such complexes broadly in a process for their 
10 reactivation; U.S. Patent No. 3,821,311 byO.R. Hughes and 
M-E.D. Millman (assigned to Celanese Corp.) also disclosed 
the use of such complexes broadly when used with bases for 
combined hydroformylation, aldolization . Similarly, British 
Patent No. 1,243,189 by M.J. Lawrenson and G. Foster 
15 (assigned to British Petroleum Co., Ltd.) provided 

an all inclusive definition of phosphines in such catalyst 
complexes also containing chelating diketones . Finally, 
U.S. Patent No. 4,052,461 by H.B. Tinker and D.E. Morris 
(assigned to Monsanto Co.) disclosed rhodium containing 
20 cations which can include any tertiary phosphine. 

Most of the prior art work was carried out with 
either triaryl phosphine or trialkyl phosphine complexes. 
The present study- concentrated on an investigation of the 
complexes of some "mixed ligand structures." i.e., alkyl 
25 diphenyl phosphines. Prior to the present work, rhodium 

complexes of these ligands could not be used to advantage. 

The basic chemistry of hydroformylation and its 
catalysis by transition metal compounds, including 
phosphine-rhodium complexes is known and has been recently 
30 reviewed and summarized by R.L. Pruett in Vol. 17 of 

"Advances in Organo Metallic Chemistry" ed. S.G. Stone and 
R. West, . Academic Press . New York, New York 1979 in a 
chapter entitled "Hydrof ormyaltion" , Pruett concluded that, 
for a selective rhodium catalyzed hydroformylation of 
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alpha-olefins to n-aldehydes, critical combinations 
of several reaction parameters were required* Tine autlnor 
states that these parameters included low partial pressure 
of carbon monoxide,* high concentration of excess phosphite 
5 or aryl phosphine ligands and low total gas pressure. 

In U.S. Patent Nos. 3,527,809 and 3,917^661; 
Pruett and Smith state that suitable ligands for rhodium . 
catalysts for hydrof ormylation must be weakly basic, having 
a half neutralization potent,ial (Ahmp) of at least -425 

10 millivolts (preferably 500) above that of diphenyl 

guanidine. As such weakly basic ligands, Pruett and Smith 
mentioned among others phosphites and triaryl phosphines . 
They specifically indicate that stronger phosphine bases, 
such as diaryl alkyl phosphines , should be excluded as 

15 ligands for selective rhodium catalysis . Similar disclo- 
sures are also contained in Pruett and Smith's U.S. Patent 
No . 4. , 14-8 , 830 , where they additionally state that suitable 
ligands should be free of sterically hindered aromatic 
groups . - 

20 In German Of f enlegungsschrif t 2,802,922 (based on 

U.S. Serial No. 762,335, filed on January 25, 1977 in the 
names of D.G. Morrell and P.D. Sherman, Jr.), there is 
described a process including the addition of small amoimts 
of diaryl alkyl phosphine ligands to a tris-triphenyl 

25 phosphine rhodium complex system. However, substantially 
all of the free ligand in the Morrell et al . system is a 
triaryl ligand, and it is specifically stated that the 
invention is not intended to include the use of diaryl 
alkyl phosphine ligands alone. Some of the diaryl alkyl 

30 phosphine ligands which are apparently disclosed in this 
German publication for use in that particular content . 
include methyl . diphenyl phosphine, ethyl diphenyl phos- 
phine, propyl diphenyl phosphine, butyl diphenyl phosphine. 
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ethyl-bisCp-methoxy phenyl) phosplnine, ethyl -phenyl -p- 
bipheny 1 phosphine , methyl-phenyl-p ( N , N-diraethylamino- 
phenyl ) phosphine , propyl-phenyl -p- ( N , N dimethyl amino- 
phenyl) phosphine, and propyl-bis-(p-raet:hoxy phenyl) 
5 phosphine . 

Still other patents and publications also mention 
the use of* certain other diaryl alkyl phosphines as ligands 
in rhodium catalyzed hydroforraylation reactions. For 
example, ethyl ditolyl phosphine is mentioned as a possible 

10 ligand by Peterson in U.S. Patent No. 4-, 137, 24^0. Wilkinson, 
U.S. Patent No. 4-, 108,905, discloses ethyl diphenyl 
phosphine as a ligand for a rhodium hydrido carbonyl 
complex, which he says may be used in the presence of 
molten triphenyl phosphine as reaction medium. British 

15 Patent No. 2,014,138 discloses the use of, among others, 
alkyl diaryl phosphines, e.g., propyl diphenyl phosphine, 
in combination with certain diphosphino alkanes in rhodium 
hydrido carbonyl complex systems. Booth in U.S. Patent No . 
3,560,539 mentions as a ligand ethyl diphenyl phos- 

20 phine, while Booth et al., U.S. Patent No. 3,644,4^6, 

discloses as possible ligands ethyl diphenyl phosphine and 
methyl dixylyl phosphine. Slaugh et al . , in U.S. Patent No. 
3,239,566 mentions diphenyl butyl phosphine, methyl 
diphenyl phosphine, ethyl diphenyl phosphine and diphenyl 

25 benzyl phosphine as possible ligands for rhodium or 

ruthenium catalysts. Chemistry Letters , (1972) pp. 4-83—488, 
refers to a rhodium complex bonded to (+) -diphenyl- ^ 
neomenthyl phosplnine. 

Other Union Carbide researchers disclosed H 

30 additional inventions mostly related to the commercial 

TPP-rhodiura complex catalyzed process. German Of f enlegungs- 
schrift 2,715,685 by E.A.V. Brewster and R.L. Pruett 
described the continuous process in detail. Also, it showed 
the harmful effect of aldehydes having conjugated olefinic 
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iinsaturation. German Of fenlegxongsschrift: 2,730,527 by R*W. 
Halstead and J.C. Chaty disclosed the addition of appro- 
priate, minor amoimts of oxygen to the reaction mixture of 
the continuous process to maintain activity. 
5 Alkyl diaryl phosphine ligands were specifically 

disclosed as potential rhodium catalyst stabilizer ligands 
in a number of patents and journal articles on rhodium 
catalyzed hydroformylation . . U.S . Patent No. 4. , 108 , 905 'by G. 
Wilkinson (assigned to Johnson Matthey & Co., Ltd.) 

10 disclosed ethyl diphenyl phosphi-ne as a stabilizing ligand 
as a part of an all inclusive, but sparsely supported, 
disclosure on phosphine ligands. British Patent Application 
No. 2,01-4,138 (assigned to Kuraray Co., Ltd.) similarly 
disclosed bis-diarylphosphino alksuies , i.e., diaryl 

15 phosphine substituted alkyl diaryl phosphines, as stabi- 
lizing ligands. U.S. Patent No. 4,151,209 by J.L. Paul,. 
W.L. Pieper and L.W. Wade (assigned to Celanese Corp.) 
reported on the formation of propyl diphenyl phosphine 
ligand from the TPP-rhodium catalyst during propylene 

20 hydroformylation- U.S. Patent Nos . 3,560,539; 3,64.4,4-46 and 
3,801,546 by F.B. Booth (assigned to Union Oil Co. of 
California) disclosed the derivation of undefined rhodium 
catalyst complexes by reduction, starting with a variety of 
phosphines including methyl diphenyl phosphine or p^ropyl 

25 diphenyl phosphine. U.S. Patent No. 3,239-, 566 by L.H. 
Slaugh and R^D. Mullineaiox (assigned to Shell Oil Co.) 
disclosed methyl diphenyl phosphine, ethyl diphenyl 
phosphine and benzyl diphenyl phosphine as examples 
for an all inclusive definition of phosphine complexes of 

30 rhodium and ruthenium. Alaugh preferred the complexes., of 
tributyl phosphine, started with rhodiiora chloride and 
emphasized the formation of alcohols as well as aldehydes 
in his process. 

There are a number of patents which disclosed 
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asyrranetrical , optically active alkyl diaryl phosphines for 
tlie stereoselective hydroformylation of special olefins 
such as styrerie, e.g., Canadian Patent No. 1,027,14.1 by 
H.B. Tinker and A.J. Solodar (assigned to Monsanto Co.); 
5 British Patent No. 1,402,832 Ijy C. Botteghi , G. Consiglio 
cind C. Salomon (assigned to P. Pino); U.S. Patent No. 
4., 139, 565 by J.D. Unrijh and L.E. Wade (assigned to Celanese 
Corp.) and French Patent No. 72 .43479 by R. Stern, D. 
Commereuc, Y. Chavin and H.B. Kagan (assigned to the 

10 Institute Francais du Petrole, des Cajrburants et Lubri-" 
f icants ) . Although these ligands are structurally related 
to those of the present work, their properties aund 
application is outside the scope of the present invention. 

The most conclusive study regarding the effect on 

15 hydrof ormylation catalysis of an excess of a simple alkyl 
diphenyl phosphine , i.e., ethyl diphenyl phosphine , was 
published by A.R. Sanger in the Journal of Molecular 
Catalysis [3^, pages 221-226, particularly page 222 
(1977/1978)]. He reported that the addition of ethyl 

20 diphenyl phosphine to the TPP— rhodium catalyst resulted in 
less increase in catalyst activity at 20**C. than that of 
excess TPP. He foimd similar effects when chelating ' 
di-alpha,i*'-diphenylphosphino-alkcLnes were added. Using more 
than molar amounts of 1 , 4-diphenylphosphino-butane 

25 resulted in. decreased catalyst activity. 

There is much less information on hydroformy— 
lation catalysis by the rhodium complexes of substituted 
aliphatic phosphines, particularly substituted alkyl diaryl 
phosphines . Catalyst complexes of such phosphines are 

30 usually within the all inclusive scope of several patent- 
applications already discussed. However, every few specific 
disclosur.es were made.' In effect, no direct disclosure of 
any tris- (substituted alkyl diphenyl phosphine) rhodium 
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carbonyl hydride was found prior to this invention. 

In the airea of trihydrocarbylsilyl substituted 
diphenyl phosphine rhodium complexes containing halogen, 
there are several disclosures by G. Chandra (British Patent 
' 5 Nos. 1,4.19,769; 1,-420,928 and 1,4.21,136, assigned to Dow 

^ Corning Ltd,). Tris- ( trimethylsilyl-methyl diphenyl 

phosphine) rhodium carbonyl chloride is specifically 
disclosed. Relatively non-selective hydrof ormylation 
catalysis by this and similar complexes was recently 
10 reported by M.O* Farrell , C.H, Van Dyke, L.J. Boucher 

and S.J.. Metlin [J. Organomet. Chem. , 169 (2) 199 (1979)]. 

Carboxy substituted t-phosphine rhodiiom and 
cobalt complexes of rhodium were disclosed in an all 
inclusive unspecified manner as hydrof ormylation catalysts* 
15 in British Patent No. 1,350,822 by BASF A.G. 2-Carboxy- 
ethyl diphenyl phosphine was disclosed as an exemplary 
phosphine. ligand. 

Halogen, aryloxy, alkoxy, hydroxy, nitro and 
phenyl substituted phosphine - rhodiiim complexes were 
20 included in an all inclusive definition of phosphine 
rhodi\im complex hydrof ormylation catalysts in British 
Patent No. 1,298,331 by G. Wilkinson (assigned to Johnson, 
Matthey & Co- , Ltd.). However, not a singly substituted 
alkyl diaryl phosphine compound was named- Similarly, 
25 amino, halo and alkyl substituted rhodiiom complex hydro- 
f ormylation catalysts were generically disclosed by F*B. 
^ Booth in U.S. Patent No, 3,965,192 (assigned to Union 

Oil Co. of California) which was already referred to. 
^ Again, no example of substituted alkyl diaryl phosphine was 

30 given. 

As far as alkyl diphenyl phbsphines are con- 
cerned, many compoxonds are known. However, few aryl or 
- - nonhydrocarbyl substituted compounds were disclosed. A 
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comple'te list of characterized compoxands and their 
preparation, up to 1969/ is given in Volume 1, Chapter 1, 
pages 154 to 162 by L. Maier, as a part of the series of 
monographs, entitled "Organic Phosphorus Compounds" by G.M. 
5 Kosolapoff and L. Maier, J. Wiley & Sons, Inc., New York, 
New York, 1972. However, none of the heteroorganic 
substituted compounds of the present invention is dis- 
closed. Chapter 3 by G. Booth of the same book also lists 
characterized phosphine metal complexes. However, no 
- 10 rhoditim carbonyl hydrides are found- * 
With regard to the synthesis of alkyl diphenyl 
phosphines in general, Kosolapoff and Maier lists a nxamber 
of displacement reactions as being frequently used (see 
page 2). However, there is little information on diphenyl 

15 phosphine to olefin additions. No substituted alkyl 

diphenyl phosphine derived via addition is disclosed. As 
far as the hydrido carbonyl rhodium complexes of phosphines 
are concerned, the known, obviously applicable syntheses, 
are reviewed in Booth's chapter. They do not include the 

20 presently recommended methods. 

In the area of the silylalkylphosphine inter- 
mediates of the present invention, there are several 
disclosures related to. the present invention • British 
Patent No. 925,721 by H. Niebergall (assigned to Koppers 

25 Co., inc.) broadly disclosed the addition of secondary 
phosphines to unsaturated silanes to provide silylalkyl 
phosphines. British Patent No. 1,179,24-2 by W.J. Owen and 
B.E. Cooper, assigned to Midland Silicones, Ltd., disclosed 
the preparation of similar compounds via displacement 

30 reactions of chlorophosphines and silylalkyl" Grighar^^ " " 

compounds or sodium phosphindes and silylalkyl halides. The 
preparation of related compounds, i.e., alkoxysilylalkyl- 
phosphines was described via an alternative addition method 
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reacting alkoxy si lances and xansaturated pliosphxnes , by F . 
Fekete in U.S. Patent: No. 3,067,227, assigned to Union 
Carbide Corp. Silylalkylphosphine intermediates useful in 
the preparation of the complexes of the present invention 
5 were disclosed by J.K. Jacques and W.J. Owen in British 
Patent No. 1,182,763 assigned to Albright and Wilson (MFG) 
Ltd., by B.E. Cooper and W.J.* Owen in a journal article on 
oxidation potentials' [see J. Organometal . Chera. , 29, 33-40 
(1971)]. 

10 In the area of insoluble, anchored phosphirie- 

transition metal complex catalysts reactive silyl substi- 
. tuted alkyl diphenyl phosphines were utilized as inter- 
mediates for anchoring. For reference, see U»S. Patent No. 
3,726,809 by K.G. Allura, S. McKenzie and R.C. Pitkethly and 

15 U.S. Patent No. 3,907,852 by A. A. Oswald and L.Ii. Murrell.= 
Such phosphine anchoring agents had at least one reactive 
substituent on the silicon. A_s such, they reacted with the 
surface hydroxyl group of silica via siloxane formation. 

In contrast to the -prior art, it was foimd in the 

20 present invention that tris-( alkyl diar^yl phosphine) 

rhodixam carbonyl hydride complexes are attractive selective 
hydro formyl at ion catalysts in the absence *df TPP-rhodiiam, 
dependent on several xmexpected conditions. Compared to the 
widely studied triphenyl phosphine rhodiiam complexes , the 

25 optimum catalysis temperature of the present complexes is 
higher. Higher hydrof ormylation temperatures using the 
present catalysts are possible because catalyst stabiality 
and selectivity are better maintained. 

One" of the key unexpected factors in process of 

30 the present invention is that the present catalysts can be 
employed in a large excess without a drastic loss of 
catalyst .activity. The other factor, also important for 
high selectivity, is the high ratio to CO. Unexpectedly, 
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the excess of hydrogen does not result in the reduction of 
the aldehyde hydrof ormylation products to the corresponding 
alcohols. Coupled with the high H^/CO ratios, it is 
essential in the present process to employ relatively low 



5 pressures , effectively limiting the CO partial pressure. 

Finally, the continuous process of the present inven- " 
tion is distinguished by relatively low olefin conversions. 
These are important for both catalyst stability and 
selectivity. 

lO Due to the above characteristics , the present 

alkyl diaryl phosphine complex catalysts are uniquely 
suited for an operation wherein the aldehyde product is 
separated from the catalyst by distillation. Such a 
specifically advantageous operation is carried out in a 

15 continuous fashion wherein the olefin and synthesis gas 
feed are continuously introduced into the reactor compri- 
sing the catalyst solution and a mixture of the aldehyde 
product and the feed in continuously withdrawn in the gas 
phase . 

20 The preferred selective process of the present 

invention, particularly the combination of the above 
features, is unique. It is not only unexpected in view of 
the prior art but was described as a process which should 
be inoperative due to the type of phosphine ligands 

25 employed. 

When compare to the tris-{triphenyl phosphine) 
rhodiiora carbonyl hydride (TPP-rhodium) plus triphenyl ^ 
phosphine based commercial, continuous process, the present 
process exhibits surprising advantages. The alkyl diaryl 1 
30 phosphines of the present process do not undergo P-C bond 
scission. The only catalyst by-products are the correspond- 
ing phosphine oxides- The latter are not inhibitors. The 
secondary by-products derived from the aldehyde products 
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such as aldehyde trimers do not seriously inhibit the 
present catalytic system either. The present catalysts 
stcund out with regard to long terra activity maintenane 
^ in a continuous process. In contrast to the known process, 

5 no introduction of oxygen and/or chelating compounds or use 
of hydroxylic solvent is required for activity maintenance. v 
As a consequence of higher catalyst stability, the presrent 
process can be operated at higher temperatures. This, in 
turn, can lead to an improved product to feed ratio in the 

10 distillate of the continuous product* flash-off process. 

Also, it extends applicability to higher olefins and olefin 
derivatives. In addition, it provides \mexpected advantages 
when employed for combined hydrof ormylation-aldolization- 
hydrogenation processes . 

15 The applicability of the present phosphine 

ligands unexpectedly but understandably depends on their • 
steric requirements, too. Substituents on the alkyl moiety 
close to the phosphorus were found to inhibit phosphine 
complexation with rhodium compoionds for the first time. In 

20 contrast, substituents outside the immediate proximity of 
phosphorus resulted in improved complex catalysts. Such 
substituted phosphines could be surprisingly advantageously 
produced via the addition of diaryl phosphines to vinyl 
compoiands having activated double bonds. 

25 The alkyl diaryl phosphines of the present 

invention were found to complex with rhodium more strongly 
^ than triaryl phosphines. This finding led to a novel method 

of producing the present catalysts via ligand displacement, 
^ ' e.g., by the reaction of alkyl diaryl phosphines with 

30 tris-{ triphenyl phosphine) rhodiiam carbonyl hydride. 

Accordingly to another novel method, the present complexes 
- are produced from acetylacetonato dicarbonyl rhodium either 
prior to use of in situ under the reaction conditions. 
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DISCLOSURE OF INVENTION 

The present invention describes novel bis- and 
t;ris-(alkyl diaryl phospbine) rhodium carbonyl coniplexes 
and a novel hydrof orraylation process using said complexes. y 
5 The present complexes contain 2 or 3, preferably 

3, coordinated alkyl diaryl phosphine moieties per rhodiiim, " 

1 to- 3, preferably 1» ccur^bon 'monoxide ligands per rhodium, 
and 1 or O, preferably 1, hydride ligand per rhodium. 

The preferred novel complexes are non— charged 
10 non-chelated bis- and tris-( alkyl diaryl phosphine) 
rhodium carbonyl hydrides of the formula 

^ y y y s 

wherein Ar is aryl , preferably an independently selected 

C to C--. aromatic nonsubstituted or substituted hydrocar- 
6 10 

15 byl radical, more preferably phenyl, mono-, di— and 

tri-substituted phenyl, roost preferably phenyl; R"*" is a 
to C^Q, preferably to C^Q/mono-, di-, tri- or tetra- 
valent nonsubstituted or substituted saturated alkyl, 
including alkyl groups interrupted by noncharged hetero- 

20 organic groups such as those containing O, N, P, S, Si, 
with the proviso that if is a nonsubstituted monovalent 
alkyl, the minimum number of alkyl carbons is six; y is the 
valency of the alkyl grroup , g times y is 1 to 6 , preferably 

2 to 6, s is 1 to 3, preferably 2 cr 3; said y and s being 
25 selected to satisfy the coordinative valencies of rhodium 

in such a manner that there are 2 or 3 , preferably 3 , coor- * 
dinated phosphine moieties per rhodium, all the aromatic 
and aliphatic groups and their substituents including non- ^ 
hydrocarbon groups being chemically stable in hydrof ormyla- 
30 tion systems. 

While the value of g, y sund h is dependent on the 
coordinative bonding of the rhodium, the tris-phosphine 
rhodium complex compositions are unexpectedly stable and as 
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such preferred. In the case of monovalent alkyl , preferably 
subs-fcituted alkyl, diaryl phosphine rhodium complexes, the 
preferred compositions are accordingly of the formula 

(Ar^PR^)„Rh(CO)H 

1 -^9 

5 wherein R is a monovalent alkyl as previously defined, pre- 
ferably a substituted alkyl; g is 1 to 3, preferably 2 or 
3, more preferably 3, and, of the formula 

The alkyl diaryl phosphine complex catalyst 
10 compositions of the present invention include compounds 

containing positively charged rhodium. These complexes are 
preferably of the general formula 

[ ( Ar ^PR^ ) ^Bh.'^ { CO ) 3 ] Xf^ 
wherein the meaning of Ar and R"^ is the same as"before~^d 
15 od" is an anion, preferably. a non-coordinating anion, prefer- 
ably selected from the group consisting of borate, alumin- 
ate, perchlorate, sulfonate, nitrate, fluor ©phosphate , 
fluorosilicate such as Ph^B" , P^B", ClO^, Ph^SO^, NO^ , 

20 The preferred substituents of the aromatic groups 

are to C^q, preferably to C^.^ alkyl, alkoxy, acyl , 
acyloxy , acrylamido , carbamido , carbohydrpcarbyloxy , 
halogen, phenoxy, hydroxy, carboxy. Thege substituents are 
preferably bound to a phenyl group. Mono- and di- 

25 substituted phenyl groups are preferred. 

Examples of the aromatic groups are phenyl, 
f luorophenyl , dif luorophenyl , tolyl , xylyl , benzoyloxy- 
phenyl , carboethoxyphenyl , acetylphenyl , ethoxyphenyl , 
phenoxsnphenyl , biphenyl , naphthyl , hydroxyphenyl , carboxy- 

30 phfenyl , trif luoromethylphenyl , tetrahydronaphthyl , furyl , 
pyrryl , methoxyethylphenyl , acetamidophenyl , dime thy Icar- 
bamylphenyl . : • 
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The alkyl groups are primary and secondary alkyl 
groups, preferably primary alkyl groups. Next to the 
preferred primary ©(-carbons of the alkyl groups, the ^ 
^-carbons are primary and secondary, preferably also /' 
5 primary. Accordingly,- a preferred class of complexes is of N 
the general formula - • . 

[Ar^PCH^CH^R • ]3Rh( CO)H 
wherein R' is a to C^g, nonsubstituted or substituted 
alkyl of a preferably branched or cyclic character; a non- 
10 substituted or substituted Cg to C^^^ aryl , preferably 

phenyl; a nonhydrocarbyl group, preferably selected from 
organic radicals containing silicon, oxygen, nitrogen and 
phosphorus. The heteroatoms of the oiJ-ganic radicals are 
preferably of the trihydrocarbyl silane, hydroxy, ether, 
15 acyl, amine, amide, and phosphine oxide. The heteroatom ' is 
preferably directly bound to the -methylene group. 

The preferred substituents of the primary alkyl 
groups are the same. Some more preferred substituted alkyl 
diaryl phosphine complexes will be defined later. 

Exemplary alkyl groups are methyl, n-hexyl, 
docosyl, triacontyl, f luoropropyl . perf luoroethyl-ethyl . 
isopropyl. primary isobutyl, cyclopentyl , t-butyl ethyl , ' 
cyclohexyl ethyl, phenyl ethyl, trimethylsilylethyl , hydroxy, 
raethoxyethoxyethyl, acetylethyl . pyrrol idinonyl ethyl , 
tributylphosphonium substituted ethyl , tris-hydroxy substi- ' 
tuted t-butylethyl, triphenylmethylethyl , hydroxypropyl , 
carbomethoxyethyl. phenoxyethyl , benzamidoethyl . benzoyl- 
oxyethyl. pyrrylethyl, furylethyl, thienylethyl . The non- 
hydrocarbyl, i.e., heteroorganic R- groups will be further 
30 defined. 

The alkyl groups -as defined by R- are mono- or 
polyvalent alkyl groups, their valence ranging from 1 to 4. 
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The polyvalent groups may have a carbon skeleton or can 
be interrupted, by appropriate heteroatoms such as oxygen, 
sulfur, nitrogen, silicon. 

Exemplary polyvalent alkyl cproups are tetra- 
5 methylene, xylylene, oxy-bi s -propyl , sulf one-bis-propyl , 
nitrilo-tripropyl , silicone-tetraethyl , cycloh^xylene 
diethyl , ket obis-ethyl • 

A class of the alkyl groups is represented by 
aliphatic hydrocarbyl groupis. Preferred subgroups of -the 
10 latter are n-alkyl groups and hydrocarbyl substituted 

n-alkyl groups- When is one of these two subgroups, the 
preferred complexes are of the formxala 

.[Ar2P(CH^)nCH3]t^(C0)H 

and 

15 [Ar2P(CH2)jj^R"]j^Rh(C0)H 

wherein n is to C^q and m ris 1-22, preferably 2 to 22, 
more preferably 2 or 3 , R" is a to C^^ branched alkyl, 
cycloalkyl, aryl, such as isopropyl, t-butyl, cyclohexyl, 
phenyl • 

20 The choice of aryl and alkyl groups and their 

substituents is limited only by stereochemical and 
reactivity considerations. Sterically demanding groups 
inhibit the formation of the present tris-phosphine 
complexes . Gr^oups which are reactive under the use 

25 conditions of the present complexes are apparently 
undesirable as catalysts . 

A preferred broad class of bis— or tris- alkyl 
diaryl phosphine complexes is of the general formula 

[(Ar2PQ)i,E%_b]g.. .(.RHX^)3 . I 
30 wherein Ar is an aryl group containing from 6 to 10 ca.rbon 
atoms ; 
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Q is a sa-tura-fced divalent organic radical 
selected from an alkylene radical and an alkylene radical 
the carbon chain of which is interrupted with either oxygen 
or phenylene groups, wherein the alkylene radical contains 
5 from 2 to 30 carbon atoms; 

o 

E is a member selected from -Si-, -C-, -CH, -P'- 
-so^-, -C-, -co-. -nC , -c-a -c-*r -H, -N -c-, ^oc-, 
"^x'^^O^-* '^x^^O^I' "^"^ wherein is a 

X X 

member selected from H, an alkyl group containing i to 30 
10 carbon atoms and an aryl group containing from 6 to 10 

carbon atoms, and wherein x is an integer of o or 1 with 

the proviso that at least one x is 1 ; 

y represents the number of bonds available 

from the group E for attachment to the groups Q and R; 
15 R r-epresents a member selected from an alkyl 

group containing from 1 to 28* carbon atoms and an aryl 

group containing from 6 to 10 carbon atoms and when E is 

-N , R also represents a member selected from ^ v - 

Q — C 8 

_^7, and _^::r which together with the N atom forms a 
20 heterocyclic ring, wherein r"^, r^, r^, r'^ 

hydrocarbyl radicals such that said heterocyclic ring 
contains from 5 to 6 atoms; 

b is an integer of from 1 to 4, provided 
that y-b is not less than zero, ^ 

X is an anion or organic ligand, excluding 
halogen, satisfying the coordination sites of the rhodium S 

i?.?t^al; (RhX)s is. preferably Rh{.COlH - - - - 

g times b is 1 to 6; 
. n is 2 to 6; and' 
30 s is 1 to 3. 
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A preferred class of compounds of the invention 
are compounds of the forraiola 

[ (Ar2PQE^Ry_3^)2Rti'^(C0)3lG" 

wherein Ar, Q, E, y and R are as defined above and is an 
5 anion, preferably a non-coordinating anion. Suitable G*" 
anions include borates , alurainates , perchlora-tes , sul- 
fonates, nitrates, fluorophosphates and f luorosilicates , 
such as Ph^B^, F^B", ClO^"*, Ph^SO^"", CF^SO^", NO^", F^P" 

and FgSi"^. 

10 A preferred class of alkyl dxphenyl phosphine 

rhodium complexes is of the following formula 

(Ac^^^-^ti^^^^^)" 

and 

[Ar2P(CH2)j^Y]^Rh(C0)H 

15 wherein Ar and h have the previously defined meaning, 

m is 1 to 30, preferably 2 to 22, more preferably 2 or 3, 
most preferably 2; Q is a G^'to C^q, preferably to ^£2' 
more preferably a to C^, most preferably a tonsubsti- 
tuted or substituted, preferably unsubs-tituted , saturated 

20 straight chain divalent organic radical, more preferably a 
polymethylene radical which can be interrupted by either 
oxygen and phenylene; Y is a noncharged organic, preferably 
hetero-organic substituent , preferably with 3 to 30 carbon 
atoms, having a higher steric requirement than methylene 

25 and polymethylene such as trihydrocarbylsilyl , quaternary - 
tetraalkyl phosphonium, heterocyclic teriary nitrogen, 
phosphine oxide, sulfone, caronyl , carboxylate and 
sterically demanding hydrocarbon groups, the latter being 
exemplified by phenyl, triphenylmethyl , t —butyl , tris- 

30 hydroxy gubstitiuted butyl eund the like* 
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As far as novel compounds having phosphorus 
based heteroorganic substituents for Y are concerned, 
chelate forming amines, phosphines and phosphonium ^ 
salts are excluded from this application. Y is preferably a A 
^ ^1 ^° ^30' preferably to C^^, organic radical selected 

from the group consisting of substituted and unsubstituted ~ 
secondary and tertiary alkyl,' substituted and -unsubstituted 
aryl, preferably phenyl and heteroorganic radicals. The 
heteroorganic ra<iicals are defined as radicals having an 
lO atom, with an unsatisfied valency to be bbtand to Q, which 
is either a carbon having a hetero-atom substituent 
or is a heteroatom itself. The heteroatoms are preferably 
oxygen, sulfur, phosphorus, silicon and nitrogen, more 
preferably carbonyl , o, sulfone. S, phosphine or phosphine 
15 oxide, P. silane. Si, and amide, N. Heteroorganic radicals, 
especially silyl radicals, are most preferred. 

If the Q is substituted, the substituents 
are the same as previously defined for Ar and R. Exemplary 
Q radicals are ethylene, butylene, docosamethylene , 
20 tricontamethylene, phenyl bis (ethyl), ethylene bis 
(oxyethyl), ethyl ene-bis oligo (oxyethyl), oxy ethyl 
propyl, oxy ethyl perf luoroethyl , oxy ethyl hydroxypropyl . 

When Y is an alkyl radical, it is preferably 
saturated open chain and/or cyclic. The preferred substi- 
25 tuent is hydroxy. Unsubstituted secondary and tertiary 
alkyl radicals are another preferred t3^e. 

In case Y is an aryl radical, it is prefer- ' 
ably substituted or unsubstituted phenyl, most preferably 
phenyl . * 

" ' Oxygen based heteroorganic radicals for y" are 
hydroxy, carbonyl, carboxylate, acyloxy, ether, more 
preferably hydroxy, ether carbonyl, acyloxy. Sulfur based 
heteroorganic radicals are thiyl and sulf onyl . Phosphorus 
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based he-teroorganic radicals are diarylphosphino , dihydro- 
carbylphosphate , ditiydrocarbylphosphonate , diiiydrocarbyl- 
phosphite* Nitrogen based heteroorganic radicals are amino, 
and those of reduced basicity, i.e., amido, ureido, 
5 imido, amine oxide, bis- (hydroxy ethyl ) amine. Cyclic 
EunidOr such as N-2 pyrrolidinonyl, is preferred. 

Exemplary Y radicals are the following: tri- 
methylsilyl, tripropylsilyl , triphenylsilyl , — diphenyl 
phosphine oxide, diisqbutyl phosphine oxide, diphenyl 

10 phosphine-, dihydroxypropyl phosphine, dipropyl phosphite, 
diphenyl phosphate, tributyl phosphonium benzene sulfonate, 
didecyldibutyl phosphonium tetraphenyl borate benzyl 
dicyclohexyl phosphonium methane sulfonate — pyrryl, 
dimethyipyrryl , pyrrolidinonyl , morpholinyl , acetamido ^ 

15 benzamido, amido, carbsunido , ureido, bi s-hydroxy ethyl amino , 
— phenyl sulfone, fluorophenyl sulfone, ethyl sulfone, * ' 
ethyl thio, phenylthio ~ acetyl, benzoyl, carbomethoxy , 
benzoyloxy, carbobenzoxy , acetate, benzoate phenylacetate , 
hydroxy , carbamate , phenoxy ; • i-propyl , phenoxyphenyl , 

20 diisobutyl, cyclopentyl , diisopropylaimino , anilino, 

diphenylamino , f uryl , mesityl , pentaf luorophenyl , tetra- 
hydronaphthyl , tr is ( hydroxymethyl ) methine - 

In case Q is boxmd to a y+1 valent hetero— 
organic radical , E , the hydrocarbyl substituents of E are 

25 indicated by the symbol R" • • : 

(Ar^QER^- • )^Rh(CO>H 
and 

[ Ar ( CH^ ) ^ERpRh ( GO) H 

wherein the meaning of Ar, Q and m is the same as defined 
30 previously; E is the inorganic part of the heteroorganic 
' radical, ERy' * is a noncharged, nonchelating heteroorganic 
radical selected from the grpup consisting of silane 
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silicone, ether, ester, keto and hydroxy oxygen , 
phosphine cund phosphorus ester phosphorus, amine, 
amide, amine oxide and heterocyclic nitrogen, sulfide 
- and sulfone sulfur; and R' * * is an independently 
05 selected to C^^ , p,referably to C^^, substituted 
or unsubstituted , preferably unsubstituted or monosub— 
stituted, more preferably xinsubstituted hydrocajr^byl 
radical. R*'' is preferably selected from the group of 
hydrocarbyl radicals consisting of C- to C- alkyl , 

10 and cycloalkyl, phenyl, to mono substituted 

alkyl, monosubstituted phenyl. More preferably, R' » ' is 
to alkyl or phenyl. As such, the R''" groups include 
methyl , propyl , -trif luoropropyl , pehtaf luoropropyl , 
pentafluorophenyl ethyl , phenyl , cyclotetramethylene , tolyl , 

15 methyl eye 1 opentyl , decyl , f luoropropyl , benzyl, cyclohexyl, 
f luoropentyl , methoxyethyl , tricosyl , hydroxyethyl , 
methoxyethoxylethyl . Further examples of R» » • were given 
when listing excimples of the -Ar and R' hydrocarbyl 
groups - 

ZO A similajr* class of complexes possesses a 

positively charged rhodium moiety with the general 
formula 

[ (Ar2PQY)^Rh"*'(-CO)3]X'' 
wherein all the symbols possess the previously defined 
25 meanings . 

Another preferred class of compovmds of the 
present invention include some of those compounds disclosed 
in our copending U.S. application Serial No. 11,238 filed 
February 12, 1979 of which the present application is a 
30 Continuation-In-Part . The particular trihydrocarbyl silyl 
substituted alkyl diaryl phosphine complexes thereof which 
are included within the scope of the present invention are 
those of the formula 

[(Ar2PQ)j,SiR^_j^]g(RhX^)^ 
35 wherein Ar, Q, b, R, g, X, n and s are as defined above. 
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Particularly preferred complexes within tliis class are 
complexes of "the formulas 

[(Ar2P{CH2)J^SiR^_^,]g[Rh(C0)H]g. 

[ (Pli2PQ)i,SiR^_j^]g[Rh(CO)H]g, 

5 [(Ph^PCCH^) j^,SxR^_^]g[Hh(CO)H]g. 

[(Ar2PC(H2)^)2Si(CH3)2]3 [RhCCOiH]^ 

( Ph^PQS iRg ) 3Rln ( CO ) H , 

( Ph^P { CH^ ) ) 3RI1 ( CO ) H , 

[ (Ph2P(CH2)j^)^Si]3 Rh(CO)H 

10 (,Ar^I>QS±n^)2mi*'{CO)^G~ , 

CAx-2P(CH2)^SiR3]2Rh-'(CO)3G-. .and 

[ Ar^P ( CH^ ) iR3.] ^Rh^ ( CO ) 3 ( BPh^- ) 

wherein the s3nnbols are as defined above. Particular iy 
preferred compounds are 

15 [Ph2P(CH^)3Sx(CH353}Rll{CO)H, 

[Ph2P(CH2)3Si(CH3)3]Rh(CO)H. 

iV^ln^PiCH^) ^S±{C^H^) ^'iBlxiCO)H, 

[Pti2P(CH^)2SiPh3]Rh(CO)H, and . 

[ iPln^PCH^CH^) ^S±{CH^) tHhCCOH]^- 

20 Still another preferred class of novel compounds 

within the scope of the present invention include those in. 
which E represents a tertiary carbon group , i.e., catalysts 
of the formulae 

[(Ar2PQ)i,eR^_^]g . (RliX^)3 . 

25 ' " and 

( Ar ^PQCR 3 ) jRh ( CO ) H 
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wherein Ar, Q, R, X, b, g, n and s are as defined above. A 
particularly preferred class of such compounds include 
those of the formula 

( ^^2^ "^^^a^m^^^S ^ 3^ ( CO ) H 
5 wherein m is an integer of from 1 to 30 and R is as defined 
above. Examples of such catalysts include 

{Ph^PCH2C(CH3)3)3Rh(CO)H, 

tPh^PCH^CH^C ( CH3 ) 3 ] ^Rh ( CO ) H 

and 

10 ' { Ph^PCH^CH^CH^C ( CH3 ) ^ ) ^Rh ( CO ) H . 

A further preferred class of compounds within the 

scope of the present invention include keto substituted 

compounds of the formulas 

o 

[(Ar2PQ)^CR2_^]g . (RhX^)^ 

15 {Ar^PQCR)3Rh(CO)H 

and . 
C 

[ (Ar2PCH2)^CR]3[Rh(CO)H]^ 

wherein Ar, Q, R, X, b, g, n and s are as defined above. Of 
such compounds particularly preferred are acyl compoimds of 
20 the formula 

O 

[ P^2^'^^^2^m^'^ ^ 3^ ( CO ) H 
wherein ra is an integer of from 1 to 30, especially from 2 
to 14, and R is as defined above. Examples of such 
catalysts include 

c 

25 (Ph^PCH^CH^C CH^)2Rh(C0)H, 

c 

(Ph^PCH^CH^C C2H^)3Rh(CO)H* 
and 

[Ph^PCH^CH^C PhlgRhCCOH. 
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Ca'talysts having carbohydrocarbyloxy substituted 

phosphines are of the formulae 

c 

[(Ar2PQ)^C0R2_^^]g - (Rh{CO)H 
( Ar ^PQCOR ) -Rh ( CO ) H 

[(Ar2P(CH2)j^)CO]3 CRh(C0)H]2 
and 

[Ph^PCH^CH^CO^R] 3Rh( CO )H , 

wherein Ar, Ph, Q, R, b, X, g, m, n and s are as defined 
10 above, represent another preferred class of compounds in 
accordance with the present invention. Particularly 

■ preferred are compounds of the formula 

■ O . 

(Ph.P4CH^4 COR)^Rh(Ca)H 
2 2 m 3 

wherein ra is an integer of from 2 to 22, especially from A 

15 to 14-, and R is as defined above. Examples of compounds 

within this class" include 

c 

(Ph^PCH^CH^COCH^ ) jRhHCCO) 
and 

[ { Ph^PCH^CH^CO^CH^ )2]3[Rii{C0)H]2. 

20 The corresponding acyloxy complexes are . also 

included within the novel carboxylate substituted complexes 

of the present invention. These complexes are of the formula 

C 

C (Ar2PQ)^oeR2^^]g(Rhx^)^ 

[ Ar ^PQOCR ] ^Rh ( CO ) H 
c 

25 [Ar^P(CH.) OCR]_Rh(CO)H 

2 2 m ^ 3 

■ o 

[ Ar ^PCH^CH^OCPh ] ^Rti { CO ) H 
and 

c 

[ ( Ar ^PCH^CH^OCCH^ ) ^ 3 3 [ Rh ( CO ) H ] ^ 
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wherein Ar, Q, R, X, b, g, n, m and s are as defined above. 
Exemplary of suitable ^ompounds wi-tKin this class is 
[ Ph^PCH^CH^OCCH ] ^Rh ( CO ) H 

wherein Ph is phenyl. 
5 Non-chelating trivalent nitrogen substituted 

complexes of the formula 

[(Ar2PQ)t,NR3_^]g[RhX^]^ 

wherein Ar, Q, b, g, s, n, R and X are as defined above, 
represent another class of preferred compounds of the 

iO invention. These complexes include non-chelating open chain 
cimino substituted alkyl diaryl phosphine complexes and 
nitrogen-containing heterocyclic ring substituted alkyl 
diaryl phosphine complexes. The latter include cyclic 
amides and imides . Preferred complexes within this class 

15 include amino substituted complexes of the formulas : 

[(Ar2PQ)^NR2_^^]^[Rh(CO)H]g 
[ Ar2PQN;2^R'^ ] ^pyn( CO ) H 
[ Ar ^PQNR^ ] ^Rh ( CO ) H 

[ Ar 2PQ-I<^§: O ] ^Rh ( CO ) H 

o 

[Ph^P(CH^)^N1^ l^RhCCOH 
[Ar PQ-l<?7]«Rh(CO)H 



[ Ar ^PQ-NC^^R*" ] 3Rh ( CO ) H 

[Ph2P(CH2)^N(CpH2p^3^J;]3RMCO)H 
and 

[Ph2P(CH2)^NC^j;2§«2°»]3im(CO)H, 



Ph,{CH^)^NC^«2-g»2 
I.' 2 
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^ 5 6 7 8 

wherein Ar, Q, b, R, g, s, R,R,R,R,R and Ph are as 
defined above and p is an integer of" from i to 12. 
Examples of such compotands include 

[ Ph^PCH^CH^N ( C^Hg ) 2 ] 3Rh { CO ) H , 

2 2' 
and 

E Ph^PCH^CH^N^^^a"^^ ] ^Rh ( CO ) H . 
X.6 2 



\ph^PCH^Cli^HCc.tH^ 1 . Rh(CO)H 
o ^ 3 



J3 

10 Another class of nitrogen-containing complexes of 

the invention are amide substituted open chain alkyl diaryl 
phosphine complexes of the formula 

[ ( Ar ^PQ ) ^N. CR^l^ ] g ( RhXn ) ^ 

wherein Ar, Q, b, g, s, n, R^, R and X are as defined 
15 above. Preferably, R is H, an allcyl group containing 1 -to 
6 carbon atoms or phenyl. Preferred complexes within this 
class are of the formulas: 

[Ar^PQNR eR]3Rh(CO)H 

[ Ar ( CH^ ) ro^^^ ^ 3^^ ( CO ) H 

20 [Ar2P(CH2)j^NHCR]2Rli(CO)H 

c 

[ Ar ^P ( CH^ ) j„N ( CH 3 ) CR ] ^Rh ( CO ) H 

. and 
c 

t Ph^P ( CH^ ) ^NR^CR ] ^Rh ( CO ) H , 

9 - 

vj!hfir.ein Ar, Q, R , R, m and Ph are as defined above. 
25 - Examples of such compounds are Ph^PCH^CH^CONH^ 



and Ph^PCH^CH^CON ( CH^ ) ^ . 
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The novel complexes of the invention also include 

carbamic acid derivatives of alkyl diaryl phosphine 

complexes of the formulae: 

c 

[(Ar2PQ)^6-NR%^^]g (RhX^)^ 

9 ' - 
5 wherein Ar, Q, R , b, g, n, s and X are as defined above. 

Preferred complexes within this class include 

c 

[ Ar^PQCNR^ ] ^Rh ( CO ) H 
[ Ar^P ( CH^ ) jj^CNR^ ] jRh ( CO ) H 
[ Ar^PCH^CH^CNRg ] 3Rh( CO ) H 
10 [Ar^PCH^CH^CNHRllgRhCCOH 

and 

c 

C ^^2^CH^CU^CNR^ ] ^Rh { CO ) H , 

wherein the symbols have the above defined meanings. An 
example of such a compound is [Ph2PCH2CH2N(CH2)2]3r^(CO)H. 
15 The novel compounds of the present invention also 

include trivalent phosphorus derivatives of the formula 

[Ar^PQ ( 0)^P-f O j^] 3Rh( CO)H 

wherein Ar, Q, R, X, b, x, g, n and s are as defined above, 
Examples of such compoimds include 

t Ar^PQOP ( OR ) 2 ] ^Rh ( CO ) H ^ 

- CAr2P(CH^)^OP(OR)2]3Rii(C6)H 

and 

( [ Ar ^P ( CH^ ) jjjO ] ) ^Rh ( CO ) H 

wherein Ar, Q, R and m are as defined above. A preferred 
25 complex is 

[ (Ph^PCH^CH^CH^Oj^PlRhCcOH. 

f ^ OMPI 
XJ^i./ WIPO - 
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The diaryl phosphine substituted derivative 
catalysts are non-chelating compounds of the formula 

[A2P(CH2)^PAr2]3Rh(CO)H 

5 In the case of these compovmds, m is 4 to 22, more 
preferably 6 to 14.. Such compounds are 

[ Ph^ ( CH^ ) ^PPh^ 1 3R1^ ( CO ) H 

I Ph^ ( )qP^^2^ 3^1^ ( CO ) H 

10 Still another preferred class of compounds in 

accordance with the present invention include higher valent 
phosphorus derivatives of the formula 

/(Ar2PQ)^(o)^J;-J°jg|g . (mix„)3. 

Preferred complexes within this class are 

c " . . , 

15 (Ajr^PQiPR^y^BhHiCO) , 

[Ar2PQP(OR)233Rh(CO)H 

[ ( Ar^P ( CH^ ) jj,) 3P ] Rh ( CO )H 

[Ar2P(CH2)niPAr2]3 Rh(CO)H 
o 

20 [Ph2P(CH2)^PPh2]3Rh(CO)H 

and 

0 

[(Ar2P(CH2)j^O)3P]Rh(CO)H 

wherein Ar, Q, R, X, b, x, g, n, Ph and s are as defined 

above. A preferred compoxind is of the formula 

• ' c . 

25 • l^^2^'^^^2V^2^3 ^f^O^^ 




wo 80/01690 



PCTAJS80/00213 



-28- 

wherein m is axx in-teger of from 1 to 30, especially from 2 
to 14, cund R is defined as above. One example of this type 
catalyst is 

c 

(Pl:i2PCH2CH2PPh2)3 Rh{CO)H. 

5 Still another group of novel compounds within the 

scope of the present invention are the sulfone derivatives 
of the formula 

[ (Ar2PQ)t,S02R2_b]g(RhX^)3 

wherein Ar, Q, R, b, g, n, s and X are as defined above, 
10 Preferred complexes within this class include complexes of 
. the formulae 

[ Ar ^PQSO^R ] 3Rh ( CO ) H 

[ Ar ( ) „SO-R ] _Rh { CO >H 
2 2 m Z 3 

([Ar2P(CH2)^]2S02)3[Rh{C0)H]2 

15 and 

[Ar2PCH2CH2S02R33Rh(C0)H 

wherein Ar , Q, R, X, b, g, n, ro and s are as defined above. 
A specific example of a compound within this class is 

t Ph^CH^CH^SO^C^H^ ] ^RhC CO )H 

20 Ether derivatives of alkyl diaryl phosphine 

complexes of the formula 

[{Ar2PQ)bOR2_^]g(RhX^)g 

wherein Ar, Q, R, g, b, n, s, and X are as defined above ^ 
form another class of the novel complexes of the invention. 
25 Preferred complexes within this class include complexes of 
the formulae: 

[ Ar^PQOR ] ^Rh( CO )H 
[ Ar ^P ( CH^ ) j^OR ] ^Rh ( CO ) H 




wo 80/01690 



PCTAJS80/00213 



-29- 

[ Ar^P ( CH^CH^O ) 3CH3 ] jRh ( CO ) H 
[ Ar^PCH^CH^OCH^CH^OH ] ^Rh ( CO ) H 
and 

([Ar2P(CH2)„]20)3[Rh(C0)H]2 

5 wherein Ar, Q, R and m are as. defined above. Exemplary of 
sul -table compounds within this class is 

[ Ph^PCH^CH^OPh] ^RiiC CO >H . 

Also included within the scope of the novel 
complexes in the invention are hydroxy derivatives of the 
10 formulas 

[Ar^PQOH]g{RhX^)^ 
( Ar ^PQOH ) { CO ) H 
[ Ar ( CH^ > j^^OH } ^Rh ( CO ) H 
and 

1 5 [ Ar ^PCH^CH ( OH ) CH^OH ] ^Rh ( CO ) H 

wherein Ar, Q, X, n, m, g and s are as defined above. 
Exemplary of a suitable compound within this class is 

[ Ph^PCH^CH^CH^OH] ^RhC CO ) H 

Yet another class of novel compounds within the 
20 present invention are thioether derivatives of the formulae 

[ (Ar.2PQ)^SR2_^]gRh(CO)H 

[ Ar ^PQSR ] ^Rh ( CO ) H 

and 

[Ar^P(CH^) SR]Rh(CO)H 

2 2m 

• 25 wherein Ar, Q, R, 'X, b, g, .n, m and s are as defined above. 
Exemplary of suitable compounds within this class is 

[ Ph^PCH^CH^CH^SPh ] ^Rh ( CO ) H . 
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The diaryl alkyl phosphine ligands employed in 
•fche present invention are prepared by any number of 
standard techniques. One preferred S3n:ithesis technique 
involves the addition of diaryl alkyl phosphines to 
5 suitable xinsaturated compounds: 

bAr^PH + [CH2=CH-D4i,EyRy_-^ lAr^T>CH^CH^-U^^ByR^_^ 

or 

wherein CH^^CHD- after the reaction represents the group Q 

10 as defined above. Thus, D can be a covalent bond or the 
remainder of the group Q other than -CH -CH^-. Preferably 
-D- represents ^OH^^^ wherein k ranges from Q to 28 , 
especially from O to 6 and most preferably from O to 1 . 
Such additions are preferably carried out via a radical 

15 chain mechanism in a free radical manner. Chemical and/or 
radiation initiators can be used. It has been found that 
the selectivity of such reactions can be improved by using 
an excess of phosphine reactant, preferably from 5 to 100% 
excess over the stoichiometric amount required of the 

20 phosphine. A suitable chemical initiator for this process 
is a labile azo compound such as azo-bis-i-butyronitrile. 
The amount of the initiator can vary depending upon the 
chain length of the reaction and preferably is in the range 
of from about 0.1 to about 3%. The reaction temperature of 

25 a chemically initiated addition depends upon the tempera- 
ture of initiating radical generation. This initiation 
normally occurs in the range of from O to 50 

For radiation initiation of the above-described 
addition reaction, ultraviolet light or gamma irradiation 

30 can be employed. The radiation intensity and duration are 
highly dependent upon the chain length, i.e., the G value. 
The preferred temperature of radiation initiation is 
between about -90 ''C. and +90^0. 
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The above— described, radical addition of diaryl 
phosphines to certain substituted vinylic compounds is 
unexpectedly selective and fast. Such substituted vinylic 
compoxmds include vinyl silanes, vinyl ketones, N-vinyl 
5 amides, acrylates, arid sulfones, as illustrated by the 
following formulas: 

Ar^PH. + (CH2=CH)^SiR^^^ (Ar2PCH^CH^)^SiR^^^ 

Ar^PH + CH^^CHSiR^-^ Ar^PCH^CH^SiR^ 

Ar^PH + CH^^CHNR^COR-^ Ar^PCH^CH^NR^COR 

10 ^^2^^ CH2=CHN^— Ar^PCH^CH^N"'''^ 1 ■ 

Ar^PH + CH2==CHCOR— Ar^PCHgCH^COiP^ 

Ar^PH + CH^^CHCO^n^ Ar^PCH^CH^CO^R 

Ar^PH + CH^^CHSO^R— ^ Ar^PCH^CH^SO^R 

The high reactivity of these substituted vinylic 
15 compounds is contrasted with the sluggish behavior of some 
other substituted olefins having analogous structures, 
e.g. , t-butyl ethylene. 

It has also been observed that additions of 
phosphines to vinylic compounds wherein k=:0 occur with ease 
20 in the presence of radiation particularly ultraviolet 

light. The reactivity of such vinyl compounds is in marked 
contrast to the rather sluggish behavior of olefins having 
analogous structures. In addition to such vinyl compotands, 
allyl compoixnds wherein k=l are another preferred class of 
25 reactant. 

Similar anti-Markovnikov additions can* be carried 
out via anionic mechsuiism with base catalysis and certain 
conjugated vinylic compounds such as acrylates. Such 
anionic addition can be performed with either added base 
30 catalysis, e.g., a quaternary base addition, or without any 
base added in addition to the phosphine base. 
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Anotlier technique which may be employed in the 
preparation of the alkyl diaryl phosphine ligands involved 
in the present invention is the addition of suitable 
hydrogen-containing compounds to unsaturated phosphines, 
preferably vinyl diaryl phosphines: 

bAr2P-D-CH=CH2 + H^EyR^^g^ CAr^P-^D-CH^-CH^^^EyR 



y-b 



or 



10 



[Ar^PQ]^EyRy^^ 

wherein D is defined as above. Again, D preferably 
represents <rCH^^^ wherein k is an integer of from O to 
28. The preferred reactants are the vinylic and allylic 
materials, this time the phosphines • Thus, the heteroor- 
ganic substituted alkyl diaryl phosphines are derived by 
employing compounds such as secondary phosphine oxide, 
15 dihydrocarbyl hydrogen phosphites and thiols as the 
hydrogen-containing compound . - 

The above approach -is exemplified by the free 
radical addition of secondary phosphine oxides, hydrogen 
phosphites and thiols: 

C c 

20 Ar ( CH^ ) ^CH=CH^ + HPR^_ Ar^P ( CH^ ) i^^H^CH^PR^ 

Ar^P{CH^)^CK=CH^ ^ HP ( OR ) ^-^ Ar ^P ( CH^ ) ^^CH^CH^P ( OR ) ^ 

Ar2P(CH2)j^CH=CH2 + HSR-^ Ar ( CH^ ) j^CH^CH^SR 
wherein Ar, k and R are as defined above. It is surprising 
that similar additions could not be carried out using 
25 silanes as adding agents. In general, the reaction condi- 
tions for the successful radical additions were those 
previously described for the diaryl phosphine olefin 
additions . 

The method for preparing non-chelating bis-phos- 
30 phines is described in the application of Alexis A. 
Oswald filed January 23, 1980 entitled "Tetraalkyl 
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Phosphoniura Substi-tuted Phosphine and Amine Metal Complexes 
and Processes for Use Thereof". That: application also 
discloses methods for the synthesis of trialkyl phosphoniijim 
substituted alkyl diary 1 phosphines and is incorporated 
5 herein by reference. 

Other methods for alkyl diary 1 phosphine ligand 
preparation employ displacement reactions. One typie of" 
reaction starts with diaryl phosphides » particularly alkali 
metal phosphides, and suitable chloro-:-, bromo-, or 
10 iodo-alkyl compounds: 

bAr^PMe + C^-Q^b^^^y-b"^ '^^^a^^^b^^^y-b 
wherein Me is Na, K, Li and L is CI, Br, I. Another 
technicjue starts with diaryl chloro or bromo phosphines and 
the corresponding Grignard derivatives of suitable alkyl 
15 compounds: 

bAr^PJ + [JMgQl^E^Ryjg--- [Ar^PQl^E^Ry^^ + bMgJ^ 

wherein J is chlorine or bromine and the other symbols are 
as defined above* 

For the preparation of the present complexes, 

20 standard methods or organometallic chemistry are- diisctsss^d 

in a comprehensive text, **Advanced Inorganic Chemistry," by , 
F.A. Cotton and G. Wilkinson (Interscience Publishers, New 
York, 1972) and exemplified in the series on "Inorganic 
Syntheses" particularly Volume XV, edited by G.W. Parishall 

25 and published by McGraw-Hill Book Co., New York, 1974 » and 
in U.S. Patent No. 4, 052, 461 by H.B. Tinker and D.E. 
Morris, assigned to Monssunto Co. 

For the preparation of the rhodium complexes, one 
of the specifically preferred direct methods of synthesis 

30 starts with rhodium chloride- This method can be employed, 
e.g.,* for the synthesis of tris-(alkyl diaryl phosphine) 
rhodium carbonyl hydride complexes according to the 



wo 80/01690 




wo 80/01690 PCT/US80/00213 



-34.- 

following general scheme: 

Ar PQY ( exces s ) 

RhCl . 3H O ^ ^ [Ar-PQY]_Rii(CO)H 

CH^O aq- , KOH ethanolic ^ ^ 

Other preferred direct methods of complex 
preparation include the reaction of transition metal 
5 carbonyls or oxides, such as those of rhodium with suitable 
diaryl alkyl phosphine ligand and CO/H^. Similarly, organic 
salts of transition metals such as acetates can be reacted 
with the diaryl alkyl phosphine ligand. 

According to one preferred method, the rhodium 
10 reactant is a rhodium salt, preferably rhodium trichloride 
or its hydrate. This method preferably employs a base, most 
preferably KOH or sodium borohydride, and a reducing 
carbonylating agent such as formaldehyde, hydrogen and CO 
to produce the carbonyl hydride complex via the tris-( alkyl 
15 diaryl phosphine) rhodium chloride and its carbonyl 
derivative intermediate compounds . 

The complexes of tlfie invention can also be 
prepared via an indirect method by reaction of the 
corresponding complexes of a triaryl phosphine, preferably 
20 triphenyl phosphine, with the desired diarylalkyl phosphine 
ligand, preferably in excess, e..g.: 

(Ph-P)_Rh(CO)H + 3Ar^PQE^R , ^ 

-J 2 y— 1 



(Ar2PQE^Ry_^)^Rh(CO)H + SPh^P 

In general, the alkyl diaryl phosphine ligands 
25 are more basic than the corresponding triaryl phosphines. 
This basicity difference is a positive factor in the above 
ligand substitutions, providing completely or partially 
exchanged complexes, e.g.: 
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Ph PR 

(Pti^PR) (Ph3P)2Rli(C0)H ^ iPh^PR) ^iPln^P)Rln(CO)H 

{PhPR)2Rh(C0)H 

The formation of the t:ris(alkyl diaryl phosphine) 

5 rhodium cairbonyl hydride complexes via ligand exchange can 

31 31 
be followed by P nuclear magnetic resonance* P nmr can 

be also used for the identification and the quantitative 

determination of the starting alkyl diaryl phosphine 

reactants. As the ion exchange proceeds in an appropriate 

10 inert solvent, preferably aromatic hydrocarbon, nrcir 
shows the number - and amoxmts of the different phosphine 
species. When an excesis of the theoretically required alkyl, 
diaryl phosphine reactant, preferably more than 100% 
excess, is used, the formation of the tris( alkyl diaryl 

15 phosphine) con^>lex is essentially quantitative. The 

reaction temperature is between 10 and 100**C. , usually 
ambient temperature. 

Ligand exchange methods can be used for the 
preparation of the present complexes in situ , e.g. , under 

20 hydroformylation conditions. For this purpose, the Various, 
rhodium carbonyls, and appropriate organic salts of rhodium 
carbonyl are particularly preferred. For example, dicar- 
bonyl acetylacetonato (ACAc~) dicarbonyl rhodium can be 
reacted with hydrogen and an excess amount of alkyl diaryl 

2 5 pho sphine : 



Rh (C0)2(AcAc ) + 3Ar2PR + H^- 



(Ar2PR)3Rh(C0)H + CO + (CH^CO^CH^ 

The synthesis and the physicochemical constants 
of most of the known phosphines is given in Volume 1 of a 
30 series of monograph, entitled "Organic Phosphorus Com- 
pounds," edited by G.M. Kosolapoff and Maier, published 
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by J, Wiley and Sons, Inc., New York, N.Y., in 1972. 
Particularly, Chapter 1 on "Primary, Secondary and Tertiary 
Phosphines," by L. Maier, is relevant. Specifically, pages 
33 to 105 and 135 to 224 provide the information on the 
5 certain tertiary phosphines used in the present invention. 
Chapter 3A, particularly pages 4-33 to 493, on "Phosphine 
Complexes with Metals" by G. 'Booth of the same volume 
also provides general information regarding phosphine 
rhodium complexes. 

10 - The novel complexes of the present invention have 

been found to be particularly useful in carbonylation 
reactions, particularly hydroformylation reactions, which 
involve the reaction of unsaturated organic compounds with 
CO, or CO and hydrogen mixtures. Carbonylation reactions 

15 are generally reactions of unsaturated organic compounds 
with carbon monoxide plus preferably a third reactant . 
Carbonylations aire described in detail in the earlier 
referenced Falbe monograph. Main types of carbonylations 
catalyzed by the present complexes are the Roelen reaction 

20 (hydroformylation) of olefins with CO and and subsequent 
aldolization reactions; the Reppe reaction Cmetal carbonyl 
catalyzed carbonylation) mainly of olefins, acetylenes, 
alcohols and activated chlorides with CO alone or with CO 
plus either alcohol or amine or water; and ring closure 

25 reactions of functional unsaturated compounds such as 
unsaturated amides with CO. The unsaturated organic 
reactants are preferably olefinically lonsaturated com- 
pounds, more preferably olefinic hydrocarbons. 

The most preferred carbonylation is the improved, 

30 "selective hydroformylation process of the present inven- 
tion , however, the novel complexes of the invention can be 
employed as catalysts in other prior art methods to obtain 
good results . 
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The most preferred carbonylation is an improved, 
selective hydrof ormylation comprising reacting an olefin 
with a mixture of carbon monoxide and hydrogen in the • 
presence of an al-kyl diaryl phosphine halogen free rhodium 
5 complex as a catalyst to produce mainly an aldehyde, 
« preferably via carbonylation. at the less substituted 

vinylic carbon- Halogen free 'means that there is no 
reactive halogen, particularly chlorine, bonded to rhodium. 
An improved method for hydrof ormylation was 
10 discovered comprising reacting an olefin with CO and in 
the presence of a tris- and bis-(alkyl diaryl phosphine) 
rhodium carbonyl complex catalyst free from halogen on the 
rhodium and excess free tertiary phosphine ligand wherein 
said improvement is effected by an appropriately high ratio 
15 of both H^/CO and ligand/Rh to produce ^a selective catalyst 
system of improved thermal stability and long term 
operational stability which leads to a ratio above four of 
n- and i -aldehyde primary products said products being the 
major primary products when the method employs. a 1-n-olef in . 
20 as starting reactant. 

The preferred complex catalysts are nonchelating 
tris-( substituted allcyl diaryl phosphine) 'J^hoiiiurh' carlSonyl , 
hydride complex compounds of the formula: 

[Ar2P(CH2)j^ER^' • ]3Rh(C0)H 

25 wherein the meaning of the symbols is as previously 
^ defined, except ER' ' ' is a nonchelating heteroorganic 

radical, preferably being selected from the group con- 
sisting of silane silicone; ether, ester, keto and hydroxy 
oxygen; phosphine, phosphonium and phosphorus ester 
30 phosphorus; amine, amido, heterocyclic and ammonium 
nitrogen; sulfide and sulfone sulfur. 

In hydrof ormylation reactions employing the novel 
complexes of the invention, organic nonhyditocarbon 
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solvents, preferably of weaik, nonsubst:i-tuting ligand 
character, are. advantageously used. Preferred solvents of 
ligand chsuracter are triaryl phosphines , such as triphenyl 
phosphine, triaryl stibines, triaryl arsines. Other 
5 preferred organic solvents are ketones such as aceto- 

phenone, diphenyl ketone, polyethylene glycol and organic 
silicone compounds such as diphenyl dipropyl silane. More 
preferred ligand solvents are triaryl phosphines. Of 
course, the most preferred solvent is one used in the 

10 process of the present invention as described above 
containing and excess of an alkyl phosphine ligand, 
preferably the same alkyl diaryl ligand as complexed with 
the (RhX^)g group. This last reaction system has been found 
to provide particularly advantageous results as explained 

15 in the following. 



employing the present novel complexes are concerned such 
processes can be performed advantageously under the usual 
conditions such as those described in the earlier refer- 

20 enced Falbe monograph. Generally, the olefins described 
above can be employed in processes using the novel 
complexes of the invention. However, prior art processes 
employing the novel catalysts will normally have to be 
performed at higher temperature because although the novel 

25 complexes have greater stability and selectivity than 

"t^is-^yl phosphine complexes previously employed, the novel 
complexes generally provide relatively lower reaction 
rates. Typical total pressures, rhodium concentrations, 
ligand concentration and to CO partial pressure 

30 ratios for such prior art processes are 



As far as other prior art carbonylation processes 



Total pressure: 30 to 3O0OO psi 
Rh concentration: 10 to lOOOO ppm 
Ligand concentration: 100 to 200,000 ppm 
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Moreover, in contrasi: to the process of the present 
invention, these prior art processes can employ an excess 
of any tertiary phosphine , including triphenyl phosphine. 

«- However, if the excess ligands include phosphines having 

5 structures other than that of the complexed dlaryl allcyl 

» phosphine, such ligarid should not displace inore than one of 

the three ligaxids of the novel tris-( dlaryl alkyl 
phosphine) rhodliom complex of the Invention. The other 
conqplexlng groups present in substituted alkyl dlaryl 
10 phosphines should not effect such a multiple -substituted 
either. 

The novel complexes of the invention can also be 
employed in combined processes such as a combined hydro- 
forraylation/aldolizatlon. For example, a process employing 
15 the normal prior art hydrof ormylation condition discussed 

above along with an aldol condensation catalyst and a novel 
complex of the invention would be one such process . 
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BRIEF DESCRIPTION OF Dfl?VWINGS 

Figure I shows the key steps in the mechanism of 
phosphine-rhodium complex catalyzed hydrof ormylation o£ 
olefins. 

5 Figure 2 illustrates a comparative ^"^P NMR 

spectra of certain rhodium complexes. 

Figure 3 illustrates a ^"^P NMR study of certain 
ligand exchange rates as a function of temperature. 

Figure A is a schematic representation of an 
10 autoclave for hydrof ormylation. . 

Figure 5A is a graphical comparison of certain 
catalyst stability at high temperature hydroforraylation of 
butene— 1 • 

Figure 5B is a graphical comparison of certain 
15 catalyst stability at low ligand/Rh ratio in Hydrof ormyla- 
tion of butene-l . 

Figure 6 is a graphical representation of butene 
hydrof ormylation rate versus temperature correlations in 
the presence of SEP and TPP based rhodiiara-phosphine complex 
20 catalysts . 

Figure 7 is a graphical representation of 
1-butene hydroforraylation temperature versus n-valeraldeyde 
(n) to total valeraldehyde (n+i) ratio correlations in the 
presence of SEP and TPP based rhodium-phosphine complex 
25 catalysts- 

Figure 8 is a graphical representation of 
1-butene hydrof ormylation temperature versus butane 
by-product formation correlations in the presence of SEP 
and TPP based complex catalysts. 

Figure 9 is a graphical representation of 
1-butene hydroforraylation temperature versus 2-butenes 
by-product formation correlations in the presence of SEP 
and TPP complex catalysts. 
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Figure 10 is a graphical representation of the 
effect of SEP ligand to rhodium ratio on selectivity of 
butene hydrof ormulation at 145 and lyo^C, 

Figure 11 is a graphical representation of the 
5 effect of carbon monoxide pressure on ratio of n-valeral- 
dehyde .(n)- to total valeraldehyde (n+i) product -of 
1-butene hydrof ormyl at ion. 

Figure 12 'is a graphical representation of 
aldehyde production rate during xjontinuous ' butene hydro— 
10 f ormylation. 

BEST MODE OF CARRYING OUT THE INVEOTION 

In accordance with amother aspect of the pre^^ent 
invention, it has also been discovered that diaryl alkyl 
phosp3aine coraplexed catalysts can be employed in a new 

IS hydrof ormylation process for the production of aldehydes 
from olef inic compounds and tjiat highly advantageous 
results can be obtained thereby* Thus, the process of the 
present invention comprises reacting the olef inic compound 
with hydrogen and carbon monoxide in the preseTice of a 

20 reactive mixture comprising (1) a rhodium-containing 

catalyst having no reactive halogen and having at least one 
ligaund complexed with said rhodA\am, wherein the completed 
ligand comprises a complexed compound containing at 
least one diaryl phosphino alkyl group and wherein the 

25 nxomber of such diaryl phosphino alkyl groups in complex 
association with said rhodixim is at least two, and . (2) a 
non-complexed ligand substantially . all of which is a 
non-complexed compound containing at least one diaryl 
phosphino alkyl group, wherein the molar ratio of the 

30 non-complexed ligand to rhodium is jgreater than 100 

and wherein .the ratio of the partial pressures of hydrogen 
to carbon monoxide is at least 3:1. 
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The most preferred carbonylation is 
an improved, selective hydrof ormylation comprising 
reacting an olefin with a mixture of carbon monoxide 
and hydrogen in the presence of an alkyl diaryl 
5 phpsphine halogen free rhodium complex as a catalyst 
to produce mainly an aldehyde, preferably via 
carbonylation at the less substituted vinylic 
carbon. Halogen free means that there is no reactive 
halogen, particularly chlorine, bonded to rhodium. 

An improved method for hydrof ormylation 
was discovered comprising reacting an olefin with 
CO and in the presence of a tris- and bis- (alkyl 
diaryl phosphine) rhodixam carbonyl complex catalyst 
free from halogen on the rhodium and excess free 
tertiary phosphine ligand wherein said improvement 
is effected by an appropriately high ratio of 
both H^/CO and ligand/Rh to produce a selective 
stability which leads to a ratio above four of 
n- and i-aldehyde primary products said products 
being the major primary products when the method 
employs a 1-n-olefin as starting reactant. 

The preferred complex catalysts are 
nonchelating tris- ( substituted alkyl diaryl phosphine) 
rhodium carbonyl hydride complex compounds of 
2S the formula 

[Ar2P(CH2)j^ER^« • l^RhCCOH 

wherein the meaning of the symbols is as previously 
defined, except ER''* is a nonchelating heteroorganic 
radical, 'preferalDly being selected from the group 
30 consisting of silane silicone; ether, ester, keto 



20 
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and hydroxy oxygen; phosph-ine^ phosphonium and 
phosphorus ester phosphorus; amine, amido, heterocyclic 
and ammoniiom nitrogen; sulfide -and sulfone sulfur. 



5, were unexpectedly fotand to . depend critically on 
the alkyl diaryl phosphine complex catalysts, 
the excess of phosphine ligand and the ratio of 
H«/CO synthesis gas reactemt, i .e. , the CO partial 
pressure. The selectivity also depends on the 
10 type of olefin employed. Iri an important 



As stated, such selective reactions 




wo 80/01690 



PCTAJS80/00213 



embodiment of the new process, the process is run on a 
continuous basis with the reaction being conducted at a 
temperature, olefin, and CO feed rates, a rhodiuun 
concentration and a rhodiiam to non-complexed ligand molar 
5 ratio effective to provide a rate of production of said 
aldehydes of at least about O.l g mole/1 -hr, and wherein 
the ratio of the partial pressures of hydrogen to carbon 
monoxide is at least 3:1; and the aldehyde product is 
continuously removed as a vapor from the reaction mixture. 
10 Each of the above-described processes is hereinafter 
described as the process of the invention . ' In these 
processes, the CO partial pressure is preferably kept 
low, e.g., below 100 psi. 

The process of the present invention has been 
15 found to provide a catalyst kystera having good thermal 

stability. Moreover, in the presence of a large excess of 
the diaryl alkyl phosphine ligand, the catalyst activity 
was surprisingly maintained while stability was increased. 
The process of the present invention was also found to 
20 provide unexpectedly good selectivity for producing 
n-aldehyde products from alpha-olef ins . 

In a preferred embodiment of the process of the 
present invention, the olefinic carbon compound is one 
containing an alpha-olef inic double bond. In this preferred 
25 process, the H^/CO ratio and the amount of the non- 
complexed compound containing at least one diaryl phosphino 
alkyl group are effective to provide an aldehyde product 
having a normal to iso isomer ratio of at least about 4:1. . 
Again, it is preferable to maintain a low CO partial 
30 pressure. 

In another embodiment of the process of the 
present invention, the reaction is preferably conducted at 
a temperature of at least about 90»C., a rhodium concen- 
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•tration of at least about .0001 molar and a non-complexed 
ligand to rbodiiim molar" t^Sitio of over 100. Also, the 
non-complexed ligand present in the reaction mixture 
preferably consists essentially of the non-complexed 
5 compoxind containing at least one diaryl phosphino ^Ikyl 
group . 

In yet another preferred embodiment of the. 
process of the present -invention , the L/Rh ratio, i.e., -of 
the non-complexed cpmpcwOTd -containing at least one- diaryl 

10 phosphino alkyl group to rhodUum, is preferably above 120, 
more preferably above 24-0^ and most preferably above 400. 
By raising the ligand to rhodium ratio when alpha-olef ins 
are used in the process of the. invention, higher normal to 
iso isomer, ratios of the aldehyde product are obtained and 

1*5 accordingly, higher ligand to rhodium ratios are preferred 
in such cases. In a particularly preferred embodiment of 
the invention, the non-complepced ligand present during the 
reaction consists essentially of the non— complexed compound 
containing at least one diaryl phosphino alkyl group, and 

20 this ligajnd is present in a molar ratio, i.e., L/Rh of 
greater than. lOO. 

Suitable complexed and non— complexed compounds 
containing at least one diaryl phosphino alkyl group for 
use in the process of the invention include compounds 

25 of the following formula (which includes known diaryl alkyl 
phosphines as well as the novel substituted diaryl 
phosphino alkyl compovinds which are exemplified by. Formula 
I): 

30 wherein Ar is an aryl group containing from 6 to 10 carbon 
atoms ; 

' Q is a' divalent organic radical selected from an 
alkylene radical and an alkylene radical the carbon chain 
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of which is interrupted with either oxygen or phenylene 
groups, wherein the alkylene radical contains from 2 to 30 
carbon atoms ; 

E represents a member selected from a covalent 

i I o ^ Co c 

5 bond, -Si-, -C-, -j>J-R^, -PC's -SO-, -C- , -CO-, -OC-, 

-C-N -N— C-, -o^-P^O^Z, -.o^.j>;^0^-, .q- and 

12 3 ^ ^ 

-S-,. wherein R , R and R are each alkyl groups containing 

from 1 to 30 carbon atoms, wherein R^ is a member selected 

from H, an alkyl group containing from 1 to 30 carbon 
10 atoms and an aryl group containing from 6 to 10 carbon 

atoms, and wherein x is an integer of O or 1 with the 

proviso that at least one x is 1 ; 

y represents the valence bonds of the group E 

available for bonding to the groups Q and R ( Thus, ^ for a 
15 covalent bond, y is 2; for -Si-, y is 4; and for -Rf , y is 

3.); 

each R group independently represents a member 
selected from an alkyl group containing from 1 to 30 
carbon atoms and an aryl group containing from 6 to 10 
20 carbon atoms, and when E is -n;' , R also represents 

a member selected from C^^^Zn^0/Z^7 and I^^R^ which 
member together with the N atom forms a heterocyclic ring, 
wherein R , R^, R^, r"^ and R® are hydrocarbyl radicals such 
that the heterocyclic ring contains from 5 to 6 atoms ; 

b is an integer of from 1 to 4, provided that 
y-b is not less than zero. Preferably, the complexed and 
non-complexed compounds containing diaryl phosphino 
groups are of the formula 

. Ar^PQE^Ry^^ 
30 wherein Ar, Q, E, y and R are as defined above. 
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Suitable complexed and non-complexed compounds 
containing diaryl pfciosphino alkyl groups which can be used 
in the process of the present invention include the known 
diaryl phosphino alkyl cornpoxmds discussed above in the 
5 section of the present specification entitled Background of 
the Invention, the tetraalkyl phosphonium substituted phos^- 
phine ligands disclosed in tKe U.S . , Application entitled 
"Tetraalkyl Phosphonium Substituted Phosphine and Aralriie 
Transition Metal Complexes and Processes For . Use -Thereof " 
10 filed on January 23, 1980 in the name of Alexis A. Oswald, 
and the ligands of our novel catalysts disciissed in detail 
above (i.e., of Formula I ) . 

Non— chelating ligands of the formula 

15 wherein Ar is aryl as, defined above and m is *an integer of 
from 4 to 14., repesent yet another class of suitable 
complexed and non-complexed ligands - 

The tetraalkyl phosphoniiam compounds as mentioned 
above represent still, another class of ligands. suitable for 
20 use in the process of .the present invention • These 

■ phosphonapuiU' d^eari^vatives can* be exemplified byrthe -geisteral 
formula 

( Ar ^PQ ) P'^R^R^R^Z"' 

12 3 w. 

wherein Ar, Q. R , R and R are as defined above and Z 

25 represents an anion. The Z*^ anion electrically neutralizes 
the ligand moiety; can be monovalent or polyvalent and is 
preferably a non— coordinating anion. Examples of suitable Z 
anions include halide , hydroxide , sulfate , sulfonate , 
phosphate, phosphonate, phosphite, tetraphenyl boride, 

30 ^.f ljj.oi:ophp,s.phate , carboxyl^.te ^uch as acetate, phenoxide and 
alkoxide.- A particularly preferred subclass of such 
phosphonium ligands is of the formiila 
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Wherein m is an integer of from 1 to 30 and the other 
symbols are as defined above. These phosphonixom ligands are 
also employed in complex association with rhodivim as 
5 catalyst suitable for: use in the process of the present 
invention. 

Specific examples of such complexed and non- 
complexed compounds containing diaryl phosphino alkyl 
groups include ethyl diphenyl phosphine , propyl diphenyl 
10 phosphine, butyl diphenyl phosphine, Ph^PCH CH Ph. 

^V^^2^2^^^2' ^V^^a^^a-NCl. Ph^PCH^CH^COCH , ' 
Ph2PCH2CH2CCH3, Ph2PCH2CH2Si°(CH3 ) 3 . Ph^PCH^CH^C (CH3 ) 3 . and 
P^Z^CH^C^CH^)^, wherein Ph here and through this specifi- 
cation and attached claims represents phenyl. 

another embodiment of the process of the 
present invention the rhodium-containing catalyst employed 
is of the general formula 

[(Ar2PQ)^EX_y]g: . (RliX„)3 
wherein Ar. Q, y, e, R and b are as defined above, X is an 
.20 anion or organic ligand. excluding halogen, satisfying the 
coordination sites of the rhodium metal; g times b is 1 to 
. 6; n is 2 to 6; and s is 1 to 3. Other preferred catalysts 
for use in the process of the present invention include 
rhodium-containing catalysts of the formulae: 

f^^^2PQ^b^%-b3g • [RhH(CO)]^ 
and 

wherein Ar.' Q. E, y, R, b," g'and s ar^e as defined above! 

A preferred class of complexes suitable for use 
30 in the process of the present invention include complexes 
of the formula 
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{ AT ^PQE^Ry _ ^ ) ^Rh ( CO ) H 
and 

[ (Ar^PQ)^E^Ry_^]g[Rh(CO)H]g 

wherein E represents a covalent bond or R is. an aXkyl 

5 group , preferably a subs-fcituted or tmsubs-ti-tuted alkyl 

group containing 1 /bo 30 carbon atoms and more preferably a 
saturated open chain alkyl group; and Ar, Q, y and b are as 
defined above. Particularly suitable compounds within this 
class include compounds of the formula 

10 tAr^P4CH2>^Rj3Rh(C0)H 

wherein m is an integer of from 1 to 30, preferably from .2 
to 22 and more preferably from 2 to -4; R is a straight- 
chain, branched or cyclic alkyl group or an aryl group such A 
as isopropyl, tertiaury butyl, cyclohexyl , or phenyl. A ; 
15 particularly suitable catalyst for use in the process of 
the present invention is 

( Ph^PCH^CH^CH^ ) 3Rh ( CO ) H . 
Other examples of suitable catalysts for use in the present 
lavention. .include RhCcoOHX^h^PCH^CH^Ph) ^ , 

20 Rh(CO)H(Ph2PCH^CH^PPh2)3, Rh (CO )H( Ph^PCH^CH^-N^ } 

Rh { CO ) H ( Ph^PCH^GH^CCH^ ) ^ , Rh ( CO ) H { Ph^PCH^CH^COCH^ ) ^ , 

Rh ( CO ) H ( Ph^PCH^CH^S i ( CH^ ) ^ ) ^ , Rh ( CO ) H ( Ph^PCH^CH^C ( OH^ ) ^ ) ^ , 

and Rh(CO)H(Ph^PCH2C(CH2)3)3. 

The Ar, Q and R groups in the above-discussed 

25 ligands and complexes thereof can also be substituted with 
various substitutent groups . In general , the substituents 
on the Ar, Q and R groups, and for that matter any 
substituent in the ligands and complexes used in the 
..^riOQ^^s- of ..the .present ..in^^ntion. or in the novel com- 

30 plexes of the invention as set forth above in Formula I, 
are those which are chemically unreactive with the 
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reactants used In and the products of the desired catalyzed 
reaction, e.g., a hydrof ormylation reaction. The same 
exemplary substituents can be used on any of the Ar, Q 
and/or R groups. Suitable substituents include halogen, 
5 carboxy, phenoxy, and hydroxy groups and also alkyl, 

alkoxy, acyl, acyloxy, acyl amide, carbamide and carbohydro- 
carbyloxy groups containing from 1 to 30 carbon atoms, and 
preferably from 1 to 12 carbon atoms. 

Suitable Ar groups for use in the complexed 
10 and non-complexed compounds or rhodixam complexes thereof 
include aryl groups containing from 6 to lo carbon atoms. 
The terminology "aryl group containing from 6 to 10 carbon 
atoms", as used in this specification and in the attached 
claims, is meant to include aromatic groups containing from 
15 6 to 10 carbon atoms in the basic aromatic structure which 
structure can be substituted with any chemically unreactive 
substituent as discussed above. The aryl groups are also 
intended to include heterocyclic aromatic groups such as 
pyrryl, thienyl and furyl. The substituents on the aryl 
20 group, if any, are preferably boxrnd to a phenyl group. 

Mono- and di -substituted phenyl groups are preferred. Thus, 
examples of suitable aromatic groxjps include phenyl, 
fluorophenyl, dif luorophenyl . tolyl , xylyl., benzoyloxy- 
phenyl, carboethoxyphenyl , acetylphenyl . ethoxyuhenyl , 
25 phenoxyphenyl . biphenyl. naphthyl , hydroxyphenyl , carboxy- 
phenyl, trif luoromethylphenyl , tetrahydronaphthyl . furyl, 
pyrryl, thienyl, methoxyethylphenyl , acetamidophenyl . 
and dimethylcarbamylphenyl . 

Q in the above formulas represents a divalent 
30 organic radical selected from an alkylene group and an 
alkylene grbup the carbon chain of which is interrupted" 
■ with -ether oxygen or phenyiene groups, wherein the alkylene 
group contains from 1 to 30 carbon atoms, preferably from 2 
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to 22 carbon atoms, and more preferably from 2 to A carbon 
atoms. The terminology "alkylene group", as used in this 
specification and in the attached claims, is meant 
to include an. alkylene group containing 1 to 30 carbon 
5 atoms in the basic alkylene structure , which structure may 
again be substituted with any chemically unreactive 
substituent as discussed above. Examples of suitable Q 
organic radicals include ethylene, trimethylene , butyX.ene, 
decamethylene , docosamethylene , tr icontaraethylene , phenyl 

10 bis { ethyl ) , ethylene bis-(oxyethyl) , ethylene-bis oligo- 
(oxyethyl), oxy ethyl propyl, oxy ethyl perf luoroethyl , 
oxy ethyl hydroxypropyl , xylylene and octadecamethylene - 
Pref erably„Gt represents ^^^^j^ wherein ra r singes from 1 to 
30, preferably from 2 to 14, and most preferably from 2 

15 to 4. 

Suitable H groups for use in the above compounds 

include aryl groups containing from 6 to 10 carbon atoms 

and alkyl groups containing from 1 to 30 carbon atoms and 

when E is -N^, R can also represent a member selected from - 
5 

'^r'^, "^6^0, '"?7 and "^^Jr® which member together with the N 
— -R-^ -R -c 

atom foirms a heterocyclic ring, wherein R , R , R , R and 

Q 

R are hydrocarbyl radicals such that the heterocyclic ring 
contains from 5 to 6 atoms. These R groups may again be 
substituted with substituents that are chemically unreac- 

25 tive as discussed above. Suitable R aryl groups include any 
of those mentioned above in the definition of suitable Ar 
groups. By the terminology "alkyl group containing from 1 
to 30 -carbon atoms" , we . mean to include alkyl groups 
containing from 1 to 30 carbon atoms in the basic alkyl 

30 structure, which can be straight-chain, branched or cyclic 
and which -can be substituted with amy chemically unreactive 
substituent as discussed above- The alkyl groups are 
■preferably primary or secondary alkyl groups, more prefer— 
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ably primary alkyl groups containing from 2 to 22 carbon 
atoms, and even more preferably from 6 to 14. carbon atoms. 
Exemplary alkyl groups include metbyl, ethyl, propyl, 
n-butyl, iso-butyl, t-butyl, n-hexyl , cyclohexyl, methyl- 
5 cyclopentyl, isopropyl, decyl, f luoropropyl , docosyl, 
triacontyl, cyclopentyl, phenyl, methoxyethoxyethyl , 
acetylethyl, tris-hydroxy substituted t-butylethyl , 
triphenylmethylethyl , hydroxypropyl , carbomethoxyethyl , 
phenoxyethyl , benzaraidoethyl , benzoy loxyethyl , pyrrylethyl , 

lO furylethyl and thienylethyl . 

X in the above formulae represents an anion or 
organic ligand vdnich satisfies the coordination sites of 
the rhodium metal, preferably a non-coordinating anion. 
Suitable X groups include H", alkyl aryl", substituted 

15 aryl", CR^ , C^F^, CN", N^, COR'", PR~ , (where R is alkyl 
or aryl), carboxylate such as acetate, acetylacetonate , 
SO^^", sulfonate, NO^, NO^. O^, CH^O", CH^CHCH^, CO, 
CgH^CN, CH3CN, NO, NH3, pyridine, (C^Hg)^?, (C^H^)^N, 
chelating olefins , diolef ins - and triolef ins , tetrahydro- 

20 furan, CH^CN, and triphenyl phosphine. Preferred organic 

ligands are readily displaceable such as carbonyl , olefins, 
tetrahydrofuran and acetonitrile. The most preferred X 
ligands are CO and H. 

The preferred olefin reactants for use in the 

25 hydroformylation process of the present invention and other 
hydroformylation processes employing the novel complexes of 
the present invention are ethylene and its mono- and 
disubstituted derivatives. The formula of the preferred 
compounds is shown in the following representation of the 

30 hydroformylatiori reaction: 

C=C + CO + H_— ,CH-C-CHO 

T H N 
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12 3 

wherein T , T and T are independently selected from 

hydibcSgfen and b-rganic radicals containing from 1 to 1000 

carbon atoms, preferably from 1 to 40 carbon atoms » more 

preferably from 1 to 12 carbon atoms, and most preferably 

5 from 4. to 6 carbon atoms, with the proviso that at least 
12 3 * 

one of T , T or T be hydrogen* These radicals can be 
unsubstituted or substituted," but preferably they are 
unsubstituted . 

As such, the preferred olefins . include symmetri- 
10 caliy disubstituted, i.e,, internal, olefins of the fomula 

T^-CH=CH-T^ 

3 2 

wherein the meanings of T and T in this case is the same 
as above except that they exclude Other, particularly 
preferred olefins are mono- and disubstituted unsymmetrical 
15 olefins of the formula 

- ^\ 

T-^CH^CH^- and ^=^^2 

^1 

1 2 

wherein .the meaning of T and T in tbis case also -excludes 
20 hydrogen. The monosubstituted olefins are particularly 
preferred. Such specifically preferred olefins are 
propylene , 1-butene , 1-pentene , 1-hexene , 1 -Keptene , 
1-octene. The unsubstituted parent compound, ethylene, is 
also a specifically preferred reactant. 
25 As far as the terminal versus internal attack of 

unsymmetrically substituted olefins is concerned, the 
disubstituted compound is a highly specific reagent in 
hydroformylation. It leads to mostly terminal or so-called 
n— ald-ehydes : 
3b .p2 . ^2 

\ \ 

C=CH^ +- CO + H.- ^CH-CH^CHO 

T"^ T-^ 
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Specif ically, preferred reagents of this type are iso- 
butene , 2-methylbutene , 2-methylpentene , 2~ethylhexene . 

In contrast to these disubstituted alpha-olef ins , 
the selectivity of the hydrof ormylation of xansyraraetrically 
monosubstituted olefins in the process of the present 
invention and other processes employing our novel complexes 
as set forth below in Formulas I and fully explained 
further below depends on the excess phosphine concentration 
and CO partial pressure. The preferred course of the 
reaction is via terminal attack on the olefin to produce 
the corresponding n- rather than i-aldehydes: 

T-^CH^CH^CHO 

T^CH=CH^ + CO + 

^ 1 

T'^CH{CH2)CHO 

15 The size, i.e., steric demand of the T"^ substituent, also 
affects the selectivity. In the case of propylene, having 
the small methyl group for t\ the selectivity to the 
n^prbduct is relatively small- 1-Butene, with ethyl for T^, 
is hydrof ormylated with surprisingly higher selectivity. 

20 3-Methyl-l-butene, where T^ equals i-propyl, reacts even 
much more selectively. Apparently, the btilkier and more 
branched T groups hinder the attack on the internal, 
beta-vinylic carbon. The preferred monosubstituted olefins 
are n-l-olefins, wherein T"*" is n-alkyl . Particularly 

25 preferred reactants are 1-butene and propylene. 

Exemplary olefinic reactants for use in the 
process of the present invention can be of open chain or 
cyclic structure. There can be a multiplicity of double 
bonds present in the higher molecular weight reactants. 

30 However, diolefin and polyolefin reactants of nonconjugated 
- charaoter are preferred. The saturated carbon atoms of 

these olefins can have non-hydrocarbon substituents such as 
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hydroxy, carbonyl , carboxylate, ester, alkoxlde, acetal and 
fluorine groups . Of course , these substituents must 
not react with the components or the products of the 
hydrof onnylation reaction systems. Suitable cyclic olefins 
5 or olefins having a multiplicity of double bonds include 
1-hexadecene , 3— hexene y cyclohexene , 1 , 7— octadiene , 
1 , 5-cyclododecadiene , methyl cyclopentene , 1-tricosene, 
1,4— polybutadiene, methyl oleate, ethyl lO-imdecanoate , 
3— butenyl acetate, dlallyl ether, -allyl f luoirobenzene , 

10 6-hydroxyhexene , 1-hexenyl acetate, 7-heptenyl diethyl 
acetal , norbornene, dicyclopentadiene , methylene norbor— 
nene, trivinyl cyclohexane, allyl alcohol* 

While we do not wish to be limited by any theory 
by which .the process of the invention and our novel 

15 complexes work, it is believed that in solution and 

particularly imder reaction conditions , both the tris- and 

bis-phosphine rhodium complexes are present. It was found 
31 

via F nmr studies that the widely accepted equilibration 
mechanism of tris— and bis— phosphine rhodium carbonyl 
20 hydride complexes occurs according to the reaction 
formula: 

— Ar PR 

{Ar^PR)-Rh(CO)H ^ ^ (Ar PR) Rh(CO)H 

. . +Ar^PR 

tri s-phosphine trans-bis-phosphine 
complex complex 

25 The overall mechanism of hydrof ormylation 
catalysis of the present complexes 

is shown by Figure 1. In Figure 3, there is shown a 

31 

side-by-side comparison of the P nmr spectra at 30**, 60° 
and 90*»C. for solutions containing, on the one hEund, 
30 (Ph2F)3Rh(CO)H ana '^^h^P (TPP) as excess ligand, and on the 
other hand, containing (Ph^P)^ Rh(CO)H and excess 
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^V^V^a^^^^^^S^S ligand (SEP ligand) as starting mater- 
ials. 

Equilibration of the stable tris-phosphine 
complex to provide some of the highly reactive, coordina- 
5 tively unsaturated trans-bis-phosphine is to occur in an 
active catalytic system. However, in. 

the case of stable catalysts,' most of the rhodium is 
present in the stable tris- phosphine complex form. 

Figure 3 also shows that the line shapes of the 
lO signals of the 30«C. spectra of both systems showed little 
signal broadening in both cases, this indicated comparably 
slow exchange rates of about 25 per second. In alternative 
terms, relatively long average exchange lifetimes, in the 
order of 2 x lO"^ sec, were indicated for both complex 

15 systems tested. At 60«C., considerable line broadening 

occurred, indicating a much faster exchange. The exchange 
acceleration was greater in the case of the excess 
triphenyl phosphine ligand system (k=600 vs. 80), indica- 
ting an average lifetime of about 3 x lo"^ sec for the 

20 excess triphenyl phosphine ligand system and of about 6 x 
10 sec for the excess trimethylsilylethyl diphenyl 
phosphine ligand system. At 90*»C. , only a single, broad 
signal could be observed for the excess triphenyl phosphine 
ligand system, while the excess trimethylsilylethyl 

25 diphenyl phosphine ligand system still exhibited separate, 
although extremely broad, chemical shift ranges for the 
complexed and free phosphorus species. Apparently, 
the exchange acceleration in the case of the excess 
triphenyl phosphine ligand system was tremendous at 90oc. 

30 with the average lifetime between exchanges being reduced 
by about two orders of magnitude to 5 x lo""^ sec 
(k=10,000). In the case of the excess trimethylsilylethyl 
diphenyl phosphine ligand system, the average lifetime 
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dropped by about one order to 5 x lo"^ sec {k=l,500). It 
must be emphasized that the exchange rates and lifetimes 
may change somewhat when the lineshape is subjected 
to a rigorous computer analysis . The relative order of 
their values will remain unaltered, however. 

It is interesting to note that there was no great 
change of equilibria with the increasing exchange rates ^ 
Apparently, both.ligand elimination and addition increase 
similarly in this temperature range. The tris-phosphine 
rhodium species remained the dominant form of complexes. 
However, in the triphenyl phosphine complex system 
including free excess trimethylsilylethyl diphenyl 
phosphine ligand, the rhodium predominantly complexed with 
the SEP ligand. 

The role of excess phosphine ligand is apparently 

to maintain the equilibria in favor of the tris-phosphine 

complex, i.e., to reduce both, the concentration and average 

lifetime of the unstable sund highly reactive bis-phosphine 

complex. The increased ligand exchange rate provides enough 

active bis— phosphine complex catalytic species for fast 

hydrof ormylation , without leading to non-catalytic side 

reactions, i.e., catalyst decomposition. 

31 

Our comparative P nmr studies of the known TPP 
catalyst plus excess TPP ligand system showed that it has a 
mechanism similar to that of the SEP system of the 
invention; however,, the thermal activation and catalyst 
destabilization of the TPP system occurs at lower tempera- 
tures than for the SEP system. In other words, the 
tris-(alkyl diaryl phosphine) rhodium carbonyl hydride plus 
excess alkyl diaryl phosphine -based systems of the present 
ipvgfil^j^n are surprisingly improved high temperature 
hydrof ormylation- catalysis systems . 
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The results of P nrar studies of tris-phosphine 
rhodiiom complex formation were also correlated with 
catalyst activity. It was foxmd that those alkyl diphenyl 
phosphines which do not form tri-phosphines for steric 
reasons are not suitable ligands for the present selective 
catalysts. Also, it was foiand that substitution of the 
alpha-carbon and multiple substitution of the beta-carbon 
of the Q alkylene group and o ,o * -substitutions of the Ar 
aryl groups of the ligands used in the process of the 
present invention generally interfere with the complexa- 
tion, i.e., the desired catalyst formation. 

Common five and six membered chelate type 
complexes of alkylene bis-phosphines, e.g., 

^CH^PAr^ CO yP^2^?f2 
CH3 ; rP-Ar^P ( CH3 ) ^PAT^ CH^ . Rh' - 

CH^PAr^ H . CH^Pkr^ "h 

are not acceptable selective - catalyst ligands either 
according to the concept of the process of the present 
invention, because they form bis-phosphine complexes of 
cis- rather than trans-configuration. 

in the process of the present invention, 
substantially all of the excess phosphine ligand is an 
alkyl diaryl phosphine, preferably a phosphine ligand 
identical with that of the complex. Preferably, from about 
1 to 90% by weight of the excess phosphine ligand is a 
diaryl alkyl phosphine and more preferably from about 5 to 
50% by weight is a diaryl alkyl phosphine. In another 
preferred embodiment, the excess phosphine ligand consists 
essentially of an alkyl diaryl phosphine. By the termi- 
nology "consists essentially of" as used in this specifi- 
cation and in the claims attached hereto, we mean that only 
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small amo\in-ts of non-diary 1 alkyl phosphxne llgand are 
present which will not affect the stability and selectivity 
of the catalyst system, e.g., such amount as mi^ht be * 
present by forming the rhodixam complex in situ starting 
5 with tris-(triphenyl phosphine) carbonyl hydrido rhodium 
complex and, as the sole excess ligand, a diaryl alkyl 
phosphine such as SEP or diphenyl propyl phosphine • 

The rhodium complex catalysts are obviously very 
expensive due to the high cost of rhodium. As sxich, in the 

10 process of the present invention and in other processes 
employing the novel rhodium complexes of the invention of 
Formula; I below, the rhodium complex concentration is to be 
carefully selected to be most effective on a rhodium basis. 
Of course, a catalytically effective amount of the rhodium 

15 will be present. 

The preferred concentration of the rhodiiim 
complex as used in the process of the present invention .^d 
in other processes employing the novel rhodium complexes 
of the invention is in the range of 1 x lo"^ to 1 x lo"*^ 

20 mole of rhodiiam per mole of olefin reactant. More preferred 

concentrations are in the range of 1 x 10^^ to 1 x lO""^ 

mole of rhodixim per mole of olefin and the most preferred 
—4. —2 

range is 1 x 10 to 1 x 10 mole of rhodium per mole of 
olefin. Thus,, the preferred rhodium concentration is 

25 normally in the range of from 10 to 1000 ppm. However, the 
preferred catalyst concentrations are directly affected by 
the concentration of free ligand present, especially 
the excess diaryl alkyl phosphine ligand. Since the excess 
phosphine reduces the concentration of the active bis- 

30 phosphine complexes , a larger excess reduces the ef f ective- 
..n^.s^s pf .,t)ae total rhodium complex present. The higher the 
ligand concentration, the higher the rhodivim level required 
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for a certain reaction rate. Nevertheless, a high phosphine 
concentration is employed in the process of the invention 
to achieve the desired catalyst stability and selectivity* 

In the process of the invention, the minimiam 
weight percent amount of excess ligand in the reaction 
medium is preferably about 1 ^wt.%, more preferably 5 wt.%. 
However, in general, the phosphine concentration is limited 
to 50 wt.% of the reaction mixture. At an appropriate 
rhodium concentration, the reaction can be carried out 
using the excess diaryl alkyl phosphine as the solvent. 
Sufficient excess diaryl alkyl phosphine concentration is 
used in the preferred process to carry out the reaction at 
the desired temperature under the desired conditions with 
the desired selectivity and activity maintenance. The 
rhodium complex concentration can then be adjusted to 
achieve the desired reaction rate. 

Due to the interdependence of the alkyl diaryl 
phosphine rhodium complex and the excess phosphine ligand 
in the process of the invention, the mole ratio of diaryl 
alkyl phosphine ligand to mole equivalent rhodium complex, 
L/Rh, is preferably in the range of from about to about 
3000. The L/Rh ratio is preferably above 120. more prefer- 
ably above 240, most preferably above 4-00. In general, 
higher ratios are selected when the desired operation is a 
continuous rather than a batchwise operation. 

The selectivity of the process of the present 
invention is also dependent on the molar ratio of gaseous 
CO and reactants. This H^/CO ratio should be greater 
than 3:1 preferably in the range of 200:1 to 3:1 and more 
preferably, from 100:1 to 5.5:1 and most preferably from 
20:1 to 10:1. 

■ The present process of the invention is also 
operated at surprisingly low pressures, but can be operated 
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at pressures of from 1 to 10,000 psi . The preferred 
pressures are between about 1 and lOOO psi, i.e., about 1 
and 68 atom sphere. It is more preferred to operate between 
about 25 and 500 psi, i.e., about 2 and 34 atm- 
5 Some of the above pressure limitations are due to 

the sensitivity of the present rhodium complex catalyst to 
the partial pressure of CO. The total partial pressure of 
CO is preferably less them about 200 psi (approximately 8 
atm. ) , more preferably less than about 100 psi , and 

10 most preferably less than about 50 psi. If the CO partial 
pressure is too high, the catalyst complex is deactivated 
due to the formation of carbonyl derivatives. 

In the process of the present invention, the 
partial pressure of hydrogen has no critical upper limit 

15 from the viewpoint of hydrof orraylation. Nevertheless, the 
preferred partial pressure of hydrogen is between about 50 
and 500 psi, i.e., 4 and 34 atm. Above a Certain partial 
pressure of hydrogen, the relative rates of competing 
hydrogenation and isomerization reactions suddenly 

20 increase, which is to be avoided in the process of 

the present invention. However, if such hydrogenation and 
isomerization reactions are desired, the novel complexes of 
the invention are surprisingly active hydrogenation and 
isom'erization catalysts. In the latter ,case, the rhodium 

25 complex of the invention becomes a multifunctional catalyst 
when, the H^/CO ratio is too high and/or the CO concentra- 
tion is insufficient. 

When working with a terminal olefin, the 
selectivity to paraffin and internal olefin was sometimes 

30 significantly increased for the above reasons. For example, 
the reaction of 1-butene led not only to n- and. i- 
valeraldehydes , but also to significant amounts of n-butane 
and cis- and trans-2-butenes . This effect of high hydrogen 
partial pressures becomes particularly critical \mder 

35 non-equilibrium conditions where the system is starved of 
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CO. In such a case, practically only the n-aldehyde 
plus by-products are formed. Iri a preferred mode of 
operation, the optimum combination of reaction parameters 
is maintained by assuring equilibrium conditions by 
5 appropriate reactant introduction and mixing. 

In the upper temperature range of the process of 
the invention, a significant part of the total pressure can 
be maintained by either a volatile reactive or unreactive 
olefin or a satui^ated, aliphatic or aromatic hydrocarbon or 
10 by an inert gas. This preferred mode of operation allows a 
limitation of synthesis gas presstare, while assuring a 
higher solubility of the gaseous reactants in the liquid 
reaction mixture. 

The operation of the process of the invention can 
15 be optimized in a surprisingly broad temperature range. The 
range of temperature is preferably between, 50 and 200 "C, 
more preferably, between 90 and 175 »c. , and most prefer- 
ably, between 120 and 150 -C. Compared to prior art catalyst 
systems employing triphenyl phosphine. the maintenance of 
20 the catalyst activity and selectivity at the higher 

temperatures in the process of the present invention is 
particularly imique. High rates of selective hydro- 
formylation of alpha-n-olef ins can be realized and 
maintained to high conversion at 145 »C. when using the 
25 present process conditions. 

The process of the invention can be carried out 
either in the liquid or in the gaseous state. The catalyst 
can be employed as such either dissolved in the liquid 
reaction medium or deposited on a suitable solid such as 
silica or alumina. The preferred process employs a liquid, 
more preferably homogeneous liqxiid, reaction phase with the 
catalyst system dissolved, i.e., homogeneous catalyst. 

The preferred homogeneous catalysis process of 
the invention is affected by the solvents used although a 
large variety of organic solvents is employable. In 
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general , the more polar solvents of higher dielectric 
constant are increasingly preferred as long as they possess 
sufficient solvent power for the olefin reactant and do .not 
interfere with the stability of the desired catalyst 
5 complex species. As such, aromatic hydrocarbons are 

suitable solvents, although organic norihydrocarbon solvents 
are preferably xised. More preferably, the latter are of a 
weak non-substituting' ligand character- As such, oxygenated 
solvents are most preferred. ' 

^0 Preferred solvents include those of ligand 

character, e.g, , diciryl alkyl phosphine, or organic 
solvents, e.g., ketones such as acetophenone , diphenyl 
ketone; polyethylene glycol; organic silicone compounds 
such as diphenyl dipropyl silane; esters such as -2 -ethyl- 

15 hexyl acetate, dipropyl adipate, ethylene glycol diacetate; 
1,4-butane dioi ; dimethyl formamide; N-methyl pyrrolidione ; 
4-hydroxybutyl 2-ethylhexanoate . One of the most preferred 
solvents is an excess of the alkyl diaryl phosphiiie ligaiid. 
In general, the preferred solvents for the 

20 process of the invention, particularly ligands, stabilize 

the catalyst system and increase its selectivity, particu- * 
larly as to the ratio of linear versus branched products. 
The aldehyde product of the invention is generally an 
-excellent solvent. Accordingly, the addition of a separate 

25 solvent is not recjuired. 

In contrast to. the disclosure on the triphenyl 
phosphine t3?pe rhodium complex catalyst system of the 
previously discussed U.S. Patent No. 4,148,820 by Pruett 
and Smith, the alkyl diaryl phosphine rhodium complex 

30 catalyst systems used in the process of the present 

invention and the novel rhodixam complexes of the invention ' 
as exemplified in Formula I below .are compatible with, 
i*e., soluble in, a large variety of organic solvents. 
. These, solvents include the aldehyde trimer condensation 

35 products which, according to Pruett and Smith,, are the only 
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suitable solvents for the triphenyl phosptiine type based 
rhodixam catalyst system. 

Due to tbe improved stability provided by the 
process of the present invention employing alkyl di'aryl 
5 phosphine rhodium complex catalysts, a continuous mode of 
operation is often advantageous. When using a homogeneous 
liquid catalyst system, such an operation can be of a 
continuous plug flow 'type, including a step for catalyst ^ 
recovery and then recircxalati'on. The process of the present 
10 invention may also involve a quasi -continuous use of the 
catalyst employing the cyclic operation of a lanit for 
hydroformylation and then for product flash-off. Catalyst 
concentration or other methods of catalyst recovery may 
involve complete or partial recycle. However, a preferred 
15 method of operation for the process of the present 
invention involves continuous product flashoff . 

In the continuous product flashoff process 
of the present invention, the aldehyde product of the 
hydroformylation is continuously removed as a component of 
20 a vapor mixture, while the CO, and olefin reactants are 
continuously introduced. This process preferably includes 
the recirculation of most of the unreacted reactants in the 
gaseous state and the condensation and thereby removal of 
most of the aldehyde and aldehyde derivative products. 
25 Additional olefin, CO and are added as required to 
maintain aldehyde production and optimiom process para- 
meters. The space velocity of the gas stream is appro- 
priately adjusted and additional gas purge is used as 
required to maintain production and catalyst activity. 
30 Since the rhodium complex is not volatile, no catalyst 

losses occur. If the diaryl alkyl phosphine ligand is ^ 
volatile, additional phosphine is added occasionally to 
maintain its concentration in the reaction mixture. 

. During the continuous product flashoff operation, 
35 relatively non-volatile aldehyde oligomers are formed and 
concentrated in the liquid reaction mixture. The oligomeric 
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hydroxy subs-titna-ted carboxylic es^ter condeinsa-bion and redox 
disproportionation products formed during propylene 
hydrof ormyla-fcion were disclosed in the previously discussed 
U.S. Patent No. 4,14.8,820 of Pruett and Smith. In the 
5 present work, it was found that analogous derivatives, 
mainly trimers, are formed during 1-butene hydroformyla— 
tion. The general structure of the isomeric trimers is the 
following: 

OH " OGCH^R 

I ^ / ^ 

10 RCH^ CHCHR "t^ RCH^CHCHR 

CH^OCCH^R CH^OH 
0 

wherein R is C^ to C_, preferably C_, alkyl. 

The above aldehyde trimer is generally the madin 
derivative and at equilibrixam conditions of a preferred 

15 .continuous flashoff process of the present invention, it 
can automatically become the main solvent component. When 
this occurs during 1-butene hydroformylation in accordance 
with the process of the present invention, selectivity 
and production rate can.be maintained- and the concentration 

20 of the trimer can be limited to -an equilibriiam value. 

In the continuous product flashoff operation of 
•the process of the present invention, ceirbonylations , 
especially the hydrof ormylation of olefins, are advanta- 
geously carried out at a low olefin conversion, preferably 

25 at a 20 to 80% olefin conversion. -Aldehyde production ra-lies 
are preferably between 0.1 and 5 g mole/liter/hour , more 
preferably between 0.5 and 2 g mole/liter/hour. Operating 
in this manner with optimized reactant ratios, particularly 
high linear to branched aldehyde product ratios are 

30 obtained from alpha -n-olef ins • 

The contdLnuou^ process of the present invention 
* can be "'Slsb "Sinfiioy'ed for the selective or complete 
conversion of different types of olefins. For example, a 
mixture of 1- and 2-butenes can be hydrof ormylated to 
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produce mainly n-valeraldehyde and 2-butene. Similarly, a 
mixture of 1-butene, 2-butene and i-butene can be converted 
selectively to varying degrees. 

Using the process of the present invention, the 
5 catalysts have improved thermal stability and thus the 
application of continuous or batch flashoff processes can 
be extended to higher olefins leading to aldehyde products 
which are not sufficiently volatile at the normal lower 
ten^eratures used in previous continuous operations. The 
10 preferred olefins for continuous product flashoff are of 
the and Cg range and alpha-n-olef in type. 1-Butene and 
propylene are particularly preferred. 

Using the present catalysts of improved thermal 
stability, the application of continuous or batch flashoff 

15 processes can be extended to higher olefins leading to 

nonvolatile products. The preferred olefins for continuous 
product flashoff are of the to Cg range and n-l-olefin 
type. 1-Butene is a particularly preferred reactant. 

In an in^roved method for continuous hydrof ormyla- 

20 tion, 1-butene is reacted with CO and in the presence of 
a tris-(2-trimethylsilyl ethyl diphenyl phosphine) rhodium 
carbonyl hydride complex and "excess 2-trimethyisilylethyl 
diphenyl phosphine ligand based catalyst system wherein the 
reactants are continuously introduced into a liquid 

25 reaction mixture comprising dissolved catalyst and ligand 
and preferably major amoxants of n-yaleraldehyde trimer, and 
wherein the aldehyde products are continuously removed in 
the vapor phase, and wherein some of the reactants are 
recirculated. The improvement is effected by having the 

30 carbon monoxide partial pressure between about 4 and 100 
psi, preferably between about 80 and 70 psi ; the hydrogen 
partial pressure , preferably between about 5 and 500 psi ; 
and the total gas pressure between 25 and 500 psi, 
preferably between 55 and 5O0 psi; a rhodium complex 

35 concentration between 1 x lo'^ and l x lo""^ mole/liter and 
phosphine ligand concentration between 5 and 50 wt. per 
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cent, ±n a temperature range between 80* and 1T5®C, 
preferably 110 and 145**C. The above concentrations and 
temperatures are selected to provide appropriately -higii 
H-/CO .and Rh./L ratios to constitute an effective catalyst 
5 system in tlie present continuous operation* Such, a system 
produces 0»5 to 2 g mole/liter /hour aldehyde and lo^es less 
than 1%, preferably less than 0.3%, of its activity, per day 
while a n/i-aldehyde product ratio in excess of 9, 
preferably din excess of 15, is maintained. 

10 The process of the present invention employing 

alkyl diaryl phosphine rhoditom complexes cem. also be 
advantageously combined with other processes because of the 
thermal stability and selectivity of the catalysis obtained 
by such processes. The hydrof ormylation could be advanta— 

15 geously carried out either when coupled with aldol 

condensation alone or when coupled with aldol condensatl,on 
and hydrogenation. Such combined processes are highly selec- 
tive to the corresponding- aldehydes. For example, in the 
case of terminal olefins, such -as alpha— olefin reactstnts , 

20 the following main aldehyde forming reactions take place 
when the present alkyl diaryl phosphine rhodium compl.ex 
hydrof ormylation and hydrogenation catalyst is combined 
with a base catalyst for aldoliz^ation such as KOH: 
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CO/H- 

n— al 



-"2° 



»1 



Base 



^n«2n+l«^«2^«2^«=^-^0 ^ — Cn«2n+l^V«2'f«-^"-C«0 

^»^~^^^^ - n , n-hydroxyanal 



I 



Cn"2n-HlCH2^2C«2-^-CHO 



^«2^n«2n-.l 



n , n-anal 



10 wherein the simple n-aldehyde product of hydrof" ormylation 
is n-al, the thermally unstable primary product of 
aldoiization is n,n-hydroxyanal , the unsaturated aldehyde 
resulting from dehydration is n,n-enal, and the selectively 
hydrogena'ted final saturated aldehyde is n,n-anal, wherein 

15 the n,n-prefixes indicate that both segments of the aldol 
compounds are derived from the terminal, i.e., normal, 
product of the hydrof ormylation. For known, applicable 
aldoiization catalysts, reference is made to Volume 16, 
Chapter 1 of the monograph Organic Reactions, edited by 

20 A.C. Cope et al.. published by J. Wiley and Sons, Inc., New 
York, N.Y., 1968. 

Xt has been found in accordance with the 
invention that a combined hydrof ormylation/aldolization 
using alkyl diaryl phosphine ligands, in a large excess 

25 over the rhodium complex catalyst and a high ratio of the 
H^/CO reactant gas resulted in a catalyst system of higher 

..^^^^'^^■^ ^^.^^^-^^"^ ^^^r^^^"^®.^ ^ high normal bo isp . isomer, 

ratio in the production of dimer aldehyde product from 
alpha-olef ins . It has been found that the presence 
30 of a -diaryl alkyl phosphine rhodiiom catalyst results in 
greater effectiveness for the aldoiization step than with 
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base alone being present. This is especially important for 

water insoluble C- and higher aldehyde aldoli^ation with 

o 

small amounts o£ base, preferably alkali hydroxide. 

A combined process also converts some of the 
i -aldehyde products in a so-called cross-aldolization 
reaction with the n-aldehyde: 

i-al ' n-al 



Base 



n 2n+l ■ 



CHI 



I 



CH3 CH^C^H^^^^ 
i , n— enal 

15 C^H^^^^CHCH^-CH-CHO 

C«3 ^«2'^n«2n-.l 
i ,n-ranal 

The rate of the.- above cross— aldolization process is slower 
than that of the simple aldolization^ However, the relative 

20 rate of cross-aldolization Increases with -increa-s-^^g 

temperature and decreasing n/i aldehyde ratios - The latter 
can be achieved by the addition of extra i-aldehyde to the 
reaction mixture. 

Since high aldolization rates can be readily 

25 achieved in a combined process , the reaction parameters can 
be readily adjusted to provide either the unsaturated or 
saturated aldehydes -as the major products* Short reaction 
times, and low olefin conversion, .preferably below 50%, 
plus high base concentration, favor the unsaturated 

*30 aldehyde. However, ^mostly the saturated aldol condensation 
product is desired. This is, of course, the favored high 
conversion product* It is important to note that no alcohol 
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by-products are formed even at high olefin conversions of 
80% and higher. 

The preferred concentration of the strong 
inorganic base, i.e., alkali hydroxide, aldolization 
5 catalyst is surprisingly low, between about 0.01 and 1%, 
preferably between 0.5 and 0.5%. . 

Solvent selection is important in a preferred 
homogeneous, liquid phase, combined process. The preferred 
solvent will dissolve all the widely different components 
10 of the reaction system. Solvency for the nonpolar olefin 
reactant and polar caustic catalyst and water by-product 
require a compromise. Alcohols, particularly hydrocar- 
byloxyethyl alcohols are preferred. The latter are 
preferably of the formula 

15 J(OCH^CH^) .OH 

wherein J=C^ to alkyl , preferably primary alkyl , most 
preferably methyl; to C^^ substituted or unsubstituted 
phenyl, preferably phenyl; and j is an integer of from 1 to 
8, preferably from 3 to 8. Such preferred solvents include 

20 methoxytri glycol, CH3(OCH2CH^)^oh, and phenoxyethanol , 
PhOCH^CH^OH. In general, the weight proportion of the 
relatively nonpolar hydrocarbyl segment J to that of the 
highly polar oligo(-oxyethyl) alcohol segment determines 
the relative solvent power for the nonpolar versus polar 

25 components of the reaction mixture. As such, this type of a 
solvent can be readily optimized for any special applica-^ 
tion of the present process. The relatively high overall 
polarity of this solvent assures both homogeneous reaction 
and a high n/i ratio of the primary products of the 

30 combined process. 

With exception of the use of the base and the use 
of a polar, non-hydrocarbon solvent, the conditions of the 
present combined process are generally the same as those of 
a simple hydrof ormylation* 
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The following examples are presented for the 

purpose of illustrating, but not limiting, the present 

invention. 
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EXAMPLES 

Prepara-fclon of Alkyl Diaryl Phosptiine Ligamds 

With "blie excep-tion of the available, simple alkyl 
diphenyl phosphine and alkyl ene bis-diphenyl phosphine 
05 laboratory chemicals » the ligand components of the present 
rhodium complexes were prepared during the present work^ 

The generally employed method for ligand 
preparation was the free radical chain addition of diphenyl 
phosphine to a vinyl ic compound in an anit-Markovnikov 
10 manner. 

Ph^PH + CH2=CHR ^P^2^^^2^^2^ 

As a rule, such additions were initiated by broad spectrum 
ultraviolet light at 15**C. The rate of addition depended 
strongly on the type of the olefinic compound employed. In 

15 general, compounds having vinylic substitution were highly 
reactive, while allylic derivatives were sluggish to react • 
The reaction times were accordingly varied. The selectivity 
of the additions could be improved by using more than the 
equivalent amount, generally 10% excess, of the phosphine 

20 adding agent. In the case of vinylic derivatives, this 

reduced the oligomerization <5f the unsaturated component. 
With allylic reactants, the phosphine excess suppressed the 
allylic reversal reactions of the radical intermediate. 

If either the olefinic reactant or adduct product 

25 was immiscible with or insoluble in the diphenyl phosphine 
adding agent at 15*»C, either the temperature was raised or 
a solvent was added or both were done to produce and 
maintain a homogeneous liquid reaction mixture. During the 
reaction, the conversion of reactants to products (and 

30 by-products) was followed by gas liquid chromatography 

(glc) and/or proton magnetic resonance spectroscopy (pmr) . 
Usually the glc peak intensities were used to make 
quantitative estimates of the compositions. For identifica- 
tion of the product structures nmr was mainly used. 
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When -the desired conversion was reached, the 

reaction mixture was usually fractionally distilled in high' 

vacuo to obtain the pure adduct product. Most of the pure 

adducts were clear, colorless, mobile liquids at room 

05 temperature. In case of high melting products, recrystalli- 

zation of the crude product was used as an al"ternate means 

of purification- 

The expected structures of the isolated products 

. were confirmed by pmr. Elemental analyses were also 

10 performed to check the product compositions. 

The pure phosphines were studied to determine 

their basicity, directly by potent iometric titration and 
31 

indirectly by P nmr. The results of direct ' basicity 

determination will be given below, together with the other 

15 analytical characteristics of the free phosphine ligands. 

The P nmr chemical shift values for the free ligands will 

31 

be listed as comparative values when discussing the P nmr 

>» 

of their rhodium complexes-. 

The phosphine basicity determinations via 

20 potentiometric titrations were performed according to the 
method of C . A. Streuli. For 'reference see Analytical 
Chemistry, Vol. 31, pages 1652 to 1654. in 1^59 and Vol. 52, 
pages 985 to 987 in I960. Half neutralization potentials 
(HNP's) -of the phosphines were determined using perdh"! or ic 

25 acid as a titrant and pure nitromethane , free from wealcly 
basic impurities, as a solvent. The values obtained were 
subtracted from the HNP of a stronger organic base, 
diphenyl guanidine, which served as a daily standard 
reference. The resulting A hnp values of the phosphines are 

30 indirectly related to their* basicity. In case of phosphines 
which were also studied by Streuli, somewhat different • HITP 
values were obtained in the present work. Since ion 
exchange resin purified nitromethane was used in the 
present work, the reported - values should be more correct 

35 than Streulis* . 
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In the following, the preparation of different 
types of alkyl diaryl phosphine ligands will be described 
in the order of their subsequent use for forming rhodiiom 
complex catalysts. At first the trihydrocarbylsilyl 
substituted alkyl diphenyl phosphines will be disctissed. 
They. will be followed by sinqple alkyl diphenyl phosphines 
and alkylene bis-phosphines . Finally, the preparation of 
alkyl diphenyl phosphines having different types of 
substitution will be described. The successful use of a ' 
variety of ligands then exemplifies the broad scope 
of the invention. 

Trihydrocarbylsilylethyl Diphenyl Phosphin es 
(Examples l-sT 

Six trihydrocarbylsilylethyl diphenyl silanes 
were prepared by adding diphenyl phosphine to the 
corresponding vinylic or allylic silane. The preparation, 
physical properties and analytical composition of the 
compound is summarized in Examples 1-6 below, . The table 
also shows the basicity characteristics of the products as 
characterized by their HNP values. It is noted that all 
the trihydrocarbylsilyalkyl diphenyl phosphines are much 
stronger bases than triphenyl phosphine (Ph^PxAiHIsrP^SlO) . 

Accoxints of the individual experiments are given 
in the following. 

Example 1 

Example 1 

Preparation o f Trimethylsilylethyl Diphenyl Phosphine 
Ph2PH+CH2=CHSi ( CH3 )— Ph^PCH^/CH^Si ( CH3 ) 3 
A magnetically stirred mixture of 4^6-5g (0.25 
mole) diphenyl phosphine and 25g (0.25 mole) of vinyl 
trimethyl silane in a closed cylindrical quartz tube was 
irradiated from about 3 cm distance with two 75 Watt Hanau 
tube immersion lamps, with a -wide spectmim of ultraviolet 
irradiation in a 15*>C. water bath for 26 hours. A proton 
magnetic resonance spectrum of a sample of the resulting 
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mixinare exhibited no significant peaks in the vinyl region 
indicating a substantially complete addition. 

The reaction mixture was distilled in vacuo to 
obtain 6lg (81%) of the desired t r ime thy 1 si lyl ethyl 
5 diphenyl phosphine adduct, as a clear colorless liquid, 
having a boiling range of 109-110 '•C. at 0.1 ram. 

Anal. Calcd. for C^^H^^^S: C, 71.29; H, 8.09; P, 
10-.81. Found: C, 71.98; H, 8.12; P. 10 .59 . The A hnp 
(relative half neutralization potential compared to that' of 
10 diphenyl guanidine) was 385. 

The selectivity to provide the desired, adduct was 
increased when the diphenyl phosphine reactant was employed 
in a 10 mole % excess. 
Example 2 

15 Preparation of Tripropylsilylethyl Diphenyl Phosphine 

0131(03^7)3 ^ CH2=CH5i(C3Ei7)3 ^^Pi^PCti^CH^SliC^) ^ 

To prepare the vinyl tripro'pyl silane reactant, 
chloro— tri-n— propyl silane was reacted with vinyl 

20 magnesiiam bromide in reflxixing tetrahydrofuran , After 
removing the THF solvent by distillation, the residual 
product was taken up in ether , was washed with ice water 
and then with 5% aqueous sodium hydrogen carbonate. The 
ether solution was then dried over anhydrous sodium sulfate 

25 and distilled to obtain vinyl tripropyl silane, bp. 75-77 *C 
at 11 mm. 

The vinyl tripropyl silane was then reacted with 
diphenyl phosphine with u.v. initiation for 85 hours in a 
manner described in Example 1 . The conversion was about 

30 95%. The mixture was fractionally distilled to yield 

approximately 63% of the theoretical yield of the product 
as a clear, colorless, mobile liquid. The product distilled 
at 155-156<>C at 0.10 mm. 

Anal. Calcd. for .C23H3^PSi: C, 74,54; H, 9-52; P, 

35 8.36 Found: C, 74.35; H, 923; P, 8.37. TheAnNP of this 
compound was 385 . 
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Example 3 

Prepara-bion of Triphenylsilylethyl Diphenyl Phosphine 

3BrfwlgPh FhJPH 
CH2=CH5iCX^ ai2=CHSiPh3 Ph^PCF^O^SiHXj 

To obtain the vinyl triphenyl silane inter- 
5 mediate, vinyl trichloro silane was reacted with phenyl ^ 
magnesirun bromide in an ether-THF solvent mixture. The 
resulting product was. worked up in a manner described in 
the previous example. The product was a low melting solid 
which could be distilled in vacuo using a hot condenser. At 
10 room temperature, the distillate solidified to yield a 

white crystalline compotmd, mp 60-65 •^C. Pmr confirmed the 
expected vinyl triphenyl silane structure. 

Anal. Calcd. for ^zo^^a^^' ^ 83.86; H, 6.33. 
Found: C, 83.92; H, 6.34. TheAHNP of this compoxind was 385. 

The vinyl triphenyl silane was reacted with 10% 
excess of diphenyl phosphine To maintain a homogeneous 
reaction mixture, a temperature of 80°C and cyclohexane 
solvent were employed. After the usual u.v. initiated 
addition , the reaction mixture was allowed to cool to room 
20 temperature. This resulted in the crystallization of the 

triphenyl si lyle thy 1 diphenyl 'phosphine adduct. To obtain it 
in a pure form, the adduct was filtered and r eery stall ized 
from a four to one mixture of cyclohexane and toluene. A 
white crystalline product having a melting point of 
25. 128-131-C was obtained. 

Anal. Calcd. for C^^H^^Si: C, 81.32; H, 6.19; P, 
6.55. Found: C, 80.97; H, 6.18; P, 6.71. The^HNP of this 
compound was 4-13. 
Example 4 

Prepara tion of Bis-(Diphenylphosphinoethyl) Dimethyl Silane ^ 

Ph^PH 

( CH3 ) i ( CH^CH^ ) 2 ^ P^2^^"2^^2 S i ( ) ^CH^CH^ 

Ph^PH 

Ph^PCH^CH^Si ( CH3 ) 2^^2^"2^^^2 
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A rnixture of 9.0g (0.8 mole) dimethyl di vinyl 
silane and 32. 7g (0.176) diphenyl. ptiospliine (10% excess 
over equivalent amounts ) was reacted for 22 hours in the 
manner described in Example 1. The reaction mixture was 
5 fractionated in vacuo to obtain minor amoxants of the clear, 
colorless, slightly viscous li<juid moxioadduct, and major 
amoimts of the clear, colorless, highly viscous liquid 
diadduct, i.e. the desired bis-(diphenylphpsphinoethyl) 
dimethyl silane. The distillation yield- of desir^ed 
10 product was 84%. The bis-diphenylphosphinoethyl) dimethyl 

silane product had a boiling point of 238-239**^C at 0*2O ram. 

Anal. Calcd. for C^QH^^P^Si: C, 74.35; H, 7.07; 
P, 12.78. Foxand: C 73.65; H, 6.90; P, 12.59. TheAHNP of 
this compound was 434. 

15 Example 5 

Preparation of Trimethylsilylpropyl Diphenyl Phpsphine 

Ph^PH + CH^^CHCH^SiCCH^)^ Ph^PCH^Ch^CH^Si (CH3 ) ^ 

A mixture of 22.8g-(0.2 mole) allyl trimethyl 
silane- and 37. 2g C0..2 mole) diphenyl phosphine was reacted 
20 for 158 hours in the manner described in Example 1 • A 

subsequent fractional distillation, yielded the desired 
pure adduct as a clear, colorless liquid. The distillation 
yield was 50%. The product had a boiling point of 150 **C at 
0.10 mm. 

25 Anal. Calcd. for C^^H^^P Si: C, 71.96; 8.38; 

P, 10.31. Found: C, 72.27; H-, 8.29; P, 10.25. TheAHNP for 
* this product was 408. 

Example 6 

Preparation of Trimethyl silylmethyl Diphenyl Phosphine 
' * Ph^PLi" + ClCH^SiCCH^)^ Ph2PCH2Si(CH3) ^ 
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The knovm but unavailable trimethylsilylmethyl 
diphenyl phosphine was derived via reacting chloromethyl 
trimethyl silane with lithium diphenyl phosphide in an 
ether-hexane mixture. After removing the lithivm chloride 
5 by-product by filtration, the product was isolated as a 
clear, colorless liquid by fractional distillation in 
vacuo. The distillation yield ws 86% and the product had a 
boiling point of 129-:130°C at 0.2 mm. « 

Anal. Calcd. for C^gH^j^PSi: C. 70.55; H, 7.77; P. 
11.37. Found: C, 70.01; H, 7.6^; P. 11.36. theA hnp for the 
product was foiand to be 404. 
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Alkyl Dieurvl" Phosphines (Examples 7-15) 

For a study of the influence of the alkyl 
structure in alkyl dipenyl phosphine ligands. a number of 
commercially available compounds were obtained (Table 2, 
Example Nos. 7 to 11). The known but unavailable neopentyl 
diphenyl phosphine and 3 . 3-dimethylbutyl diphenyl phosphine 
(Table 2, Exan^jle Nos. 12 and 13, respectively) were 
synthesized by reacting the corresponding alkyl chlorides 
20 with lithiijm diphenyl phosphide. 

Table 2 lists the relative half neutralization 
potentials of the various alkyl diphenyl phosphines. It is 
noted that as a group they are much more basic than 
triphenyl phosphine. The branching of the alkyl group, 
particularly in the proximity of the phosphorus, further 
increases the basicity. 

Table 2 

Alkyl Diphenyl Phos phine Ligands and Their Basicity 

30 Example Indirect 
M/, ^ Basicity 
— No . -Structure- - hmp - " 



25 



7^ Ph^PCH^CHj 

8^- - Ph2PCH2CH2CH3 ^24 

9* Ph2PCH2CH2CH2CH3 ^04 
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Standard 
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Ph2PCH2CH^CH^CH2CH2CH3 
PhPCHCH^CH- 

Ph2PC(CH3)3 

Ph2PCH2CH^C(CH3)3 
Ph^P • _ 



392 
355 

3-41 
378 
-412 
372 
510 



10 



Purchased from St rem Chiemicals Inc., Newburyport , Mass. 

Purchased from Organometallics Inc., East Hampstead, N.H. 

Prepared by reacting lithium diphenyl phosphide with the 
corresponding alkyl chloride* 



15 



20 



Example 13 

Preparation of Neopentyl Diphenyl Phosphine 



Ph^PLi + C1CH2C(CH3)^- 



Ph^PCH^C(CH3)3 



The known but unavailable 2 , 2-dimethyl.p'ropyl 
diphenyl phosphine was derived via reacting 2 ,2-'dimethyl- 
propyl chloride with lithiiam diphenyl phosphide in a 
refluxing tetrahydrofuran— hexane solvent mixture. After 
filtering off the lithium chloride by-product, the 
2 , 2— dimethylpropyl , (i.e., neopentyl ) diphenyl phosphine 
was obtained by the fractional distillation of the 
filtrate between 109 and 110**C at O.l ram. 



25 



Excmple 14. 

Preparation of 3 , 3— Dimethylbutyl Diphenyl Phosphine 



Ph^PH + CH2=CHC(CH3)-j. 



Ph2PCH^CH2C(CH3)3 



Diphenyl phosphine and t-butyl ethyl ene , i.e. 
3 ,-3-dimethyl butene^ w^re reacted in the manner of Example 
1. However, some phase separation occurred, and consequent- 
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ly, -the reaction was slow. The expected adduct was 
separated from the reactants by fractional distillation. It 
was obtained as a colorless, clear liquid, boiling between 
125-127»C at 0.2 mm. 
5 As a known compoiand, t-butylethyl , (i.e., 

3,3-dimethylbutyl) diphenyl phosphine was also synthesized 
via the known displacement approach: the reaction of 
lithium diphenyl phosphide with 3,3-dimethylbutyl chloride 
provided the compound in good yield. 



10 



15 



20 



Alkylene B is-(Diphenyl Phosphine s ) - (Examples 16-22) 
As a class of compounds alkylene bis^diphenyl 
phosphines are known. In the present work, available 
compoiarids were used. The bis-phosphines as such were 
studied only to determine their basicity. The results are 
shown in Table 3. According to the results at the transi- 
tion from chelating to non-chelating phosphines (n=3 to 
n=4) different phosphine species are present as indicated 
by the pairs of HNP values. 

Table X 

Alkylene Bis- (Diphenyl Phosp hine) Liaands and Their Basicitv 

Ph2P(CH2)^PPh2 



Indirect 

Polymethylene Basicity 
Example Bridge, m A hnp 

16 1 



17 



18 



19 



4-53 
431 
395, 54.8 
315, 378 



20 



5 
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21 6 4.23 

22 14 

Variously Subsi:i1:ut:eci Alkyl Diphenyl Phosphines 
(Examples 25-47) 

^ All the lagands which will be subsequently 

described were prepared by the addition of diphenyl 

phosphine to differently substituted vinylic compounds. 

Most, df the adducts are novel, and none of them were 

previoxisly prepared by the present method. 

10 Exjample 25 

Preparation of Phenylethyl Diphenyl Phosphine 

Ph^PH + CH2=CHPh ^ Ph^PCH^CH^Ph 

2-Phenylethyl diphenyl phosphine, a known but un- 
available compound, was prepared in the present work via 
15 a new method, i.e., the addition of diphenyl phosphine to 

styrene. A mixture of the unsaturated compound (20.8g, Q.20 
mole) and the phosphine (39.1g, 0.21 mole, 5% excess) was 
irradiated for 5 hours in the' usual manner. The desired 
adduct, 2-phenylethyl diphenyl phosphine, was obtained as a 
20 pure colorless, clear liquid distillate by distillation in 
vacuo. The distillation yield was 87% and the product had a 
boiling point of 171-173 at 1 mm. (Table 4) . 

Example 24 

Preparation of Pyrrol idinonylethyl Diphenyl Phosphine 

25 Ph^PH + CH^ CH-N-^'lir;^ Ph^PCH^CH^-I^-'l-j;';' 

A mixture of 37.2 (0.2 mole) diphenyl phosphine 
and 22. 2g (0.2 mole) N-vinyl-2-pyrrolidinone was reacted 
with U.V. initiation for 48 hours. GLC analyses of the 
reation mixture indicated that after 5, 24 and 48 hours the 

30 conversions to the desired adduct were 63, 95 and 99% 

respectively. The crude product was pnirified by distilla- 
tion to obtain pure N-2-pyrrol idinonylethyl diphenyl 
phosphine as a hazy, colorless, viscous liquid (Table 4.). 
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Example 25 

Preparation of Pi ethyl aminopropyl Diphenyl Phosphlne 

Ph^PH + CH2=CHCH2N(C2H^)2 ^ P^2^CH^CH^CH^N{C^H^) ^ 

A mixture of 17g (0.15 mole) allyl diethyl amine 
5 and 30. 7g (0.165 mole, 10% excess) of diphenyl phosphine is 
reacted in the usual manner with u.v. irradiation for 17 
hours. A subsequent analysis of the reaction mixture 
indicated that about -one third of the reactants was ^ 
converted. The only product formed was the desired adduct, 
10 2-diethylaminopropyl diphenylphosphine. It was isolated as 
a clear colorless liquid (Table 4). 
Example 26 

Preparation of Ethylsulf onylethyl Diphenyl Phosphine 
Ph^PH + CH2=CHSO^C2H5 -^^2^^^2^^2^^2^2^5 

}^ A mixture of 64g (0.34 mole) of diphenyl 

phosphine and 40. 2g (0.33 mole) of highly reactive, freshly 
distilled vinyl ethyl sulfone monomer was irradiated in the 
usual manner. To suppress pol3nna'er forming side reactions 
the temperature of the reaction mixture was kept below 5»C 

20 by an ice-water bath and the ix.v. irradiation was limited 
to 105 minutes. The adduct formed crystallized from the 
liquid mixture by the end of the reaction period. Conse- 
quently, the reaction mixture was filtered with suction to 
recover the crude, crystalline product, i.e. 2-ethyl- 

25 sulf onylethyl diphenyl phosphine. The crude, dried 

product (94g, 94%) was recrystallized from 670 ml methanol 
to yield 69g (69%) of the compound (of unpleasant odor) as 
a white crystalline solid (Table 4). 



30 



Example 27 

Preparation of D iphenylphosphinoethyl Diphenyl Phosphine 



Oxide 



O V Ph J^OfcOL C 
ph^PH, ^ I^PH ^ ^ - Ph^PCF^O^mi^ 
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2-Diphenylphospliinoet:hyl diphenyl pliosphine 



oxide, a known, but xinavailable compoxond, was prepared via 
a new approach. In the first step, diphenyl phosphine was 
quantitatively air oxidized at 60 °C in isopropanol 
5 solution. The resulting diphenyl phosphine oxide was then 
added to vinyl diphenyl oxide in the manner of Example 1 , 
with u.v. initiation. 

A 26,5 wt% -by wt isopropanol solution of 33*9g 
(0.16 mole) of the phosphine ^xide adding agent and 34.. Ig 

10 (0.16 mole) of the vinyl phosphine reagent were mixed. The 
resulting homogeneous liquid mixture was irradial^d -with 
stirring at 30**C for 66 hours. By the end of the reaction 
period, the adduct formed crystallized from the mixture. 
Subsequently, the crude product was dissolved in refluxing 

15 isopropanol after adding an additional 124g of the. solvent. 
A glc analysis of the hot solution showed that the desired 
addition was complete and no side reaction occurred. 
Consequently, the solution was allowed to cool. This 
resulted in the crystallization of the product. The latter 

20 was separated by filtration wxth suction and washing with 
cold isopropanol. Subsequent" drying in vacuo provided e&g 
(41%) of the pure compound as a white crystalline solid 
(Table 4.) . 
Exatmple 28 

25 Preparation of Acetylethyl Diphenyl Phosphine 



30 diphenyl phosphine > 15. 2g (0.22 mole) of the highly 

reactive vinyl ethyl ketone reactant was added dropwise. 



Ph^PH + CH2=CHCOC2Hg- 



Ph^PCH^CH^COC^Hg 



+ Ph^PCH^CHCOC^H- 



CH^CH^COC^H^ 



To 37. 2g (0.2 mole) stirred, nitrogen blanketed 
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During the addition an exothermic reaction took place. As a 
consequence, the temperature of the reaction mixture rose 
to 50 »C. A subsequent GLC analysis indicated that the vinyl 
reactant was mostly converted. Major amoxants of the desired 
adduct and minor amounts of the diadduct were formed. The 
adduct, i.e. 2-acetyle«iyl diphenyl phosphine, was obtained 
by fractional distillation of the reaction mixture. At room 
temperature, it solidified to a light yellow substance 
(Table A): . . ' . . 

Example 29 

Preparation of Carbomethoxyethyl Diphenyl Phosphine 
Ph^PH + CH2=CHC02CH3 Ph^PCH^CH^CO^CH^ 



+ Ph^PCH^CHCO^CHg 



CH^CH^COCHg 

A mixture of 8.6g (0.1 mole) methyl acrylate and 
19. 5g (0.105 mole, 5% excess > of diphenyl phosphine was 
reacted at 15«»C in the routine manner of Example 1. U.V. 
irradiation resulted in a rapid reaction. After 1 hoiir, 
there was no acrylate left xmconverted. The expected mono- 
and diadducts were formed in a weight ratio of about 95 to 
5. (A sample of the reaction misture which was not 
irradiated also showed a complete conversion after 22 hoxirs 
but not after 1 hour. ) On distillation of the reaction 
mixture in vacuo, the monoadduct, i.e. 2-carb6methoxyethyl 
diphenyl phosphine, was obtained as an almost colorless, 
liquid distillate having a slight yellow tint (Table 4). 
Example 30 

Preparation o f Hydroxvpropyl Diphenvl Phosphine 
Ph^PH + CH2=CHCH20H Ph^PCH^CH^CH^OH 
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A mi^cture o£ 11. 5g {0.O62 mole) diphenyl 
phosphine and 3-6g (0.062 -mole) of allyl alcohol was 
reacted with irradiation initiation at 15^C for llO hours 
in the usual msunner* Subsequent glc and nmr amalyses 
5 indicated complete conversion to the desired adduct, i.e. 
3-hydroxypropyl diphenyl phosphine. Distillation in vacuo 
provided 10. 5 g (72%) of the pure compound, between 
162-164.®C at 0*15 mm,- as a clear colorless liquid. 

Anal. Calcd. for C^-^H^^OP: C, 73.76; H, 7.01;- P, 
^0 12.68. Found: C, 73.52; H, 6.89; P, 12.82. 

Example 31 

Preparation of Bis-(Diphenylphosphinopropyl) Ether 

2 Ph^PH + (CH^^CHCH^)^^ ^ P^2^^^2^^2^^2 ^ 2^ 

A mixture of 7.3g (0.75 mole) diallyl ether and 
15 30. 7g (0.165 mole, 10% excess over the mole equivalent 
amoimt) was irradiated at 15°C for 3 days to effect the 
desired addition. Glc showed that the conversion of 
diphenyl phosphine was about '65%. The major product, about 
50% of the mixture was the desired diadduct, bis-(3- 
20 diphenyl phosphinopr opyl ) ether. The pure diadduct was 
obtained by distillation in vacuo. 

Example 32 

Preparation of Methylthiopropyl Diphenyl Phosphine 

Ph^PH + CH^-CHCH^SCH^ P^2^^^2^^2^^2^^3 

25 A mixture of 10. 6g (0.12 mole) of allyl methyl 

ether and 24.. 6g (0.132 mole, 10% excess) diphenyl phosphine 
was reacted at IS'^C with u.v- initiation for 28 hours ^ Glc 
-irndlcated :an essentially complete but nonselective 
conversion of the reactants. The selectivity to the desired 
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adduct, 3-methylthiopropyl diphenyl pbosphine , was about 
50%. On distillation in vacruo I3g (4-0%) of the compoxmd was 
obtained as a clear, colorless liquid, bp. 150-152'='C at 0.2 
mm . 

Anal. Calcd. for C^^H^^PS: C, 70.04; H, 6.98; P, 
11.29; S, 11.69. Found: C, 69.78; H, 6.82; P, 11.35; S, 
11.93. 



10 



15 



20 



25 



30 



Examples. 33-47 

Miscellaneous Substituted Alkyl Diaryl Phosphines 

Using the methods described in the previous 
examples, diphenyl phosphine can be added to a number of 
vinyl ic and allylic compoxands to yield the corresponding 
anti-Markovnikov adducts, i.e. substituted alkyl diphenyl 
phosphines, as shown by the following tabulation. 
Unsaturated 



. .Example 
No. 

33 



34 



35 



35 



36 



37 



38 



39 



40 



41 



Reagent 

for Diphenyl 

Phosphine 

Vinyl naphthalene 



Allyl amine 
Allyl morpholine 
Aery 1 amide 
Vinyl carbazole 
Vinyl pyridine 
Vinyl phthalimide 



Vinyl diethyl 
pho sphonat e 

Allyl ethyl ether 



Substituted Alkyl 
Diphenyl Phosphine 

Naphthyl ethyl diphenyl 
phosphine 

Aminopropyl diphenyl 
phosphine 

Morpholinopropyl diphenyl 
phosphine 

Carbamylethyl diphenyl 
phosphine 

Carbazylethyl * diphenyl 
phosphine 

Pyr idyl ethyl diphenyl 
phosphine 

Phtlnaliraidoethyl dipbenyl. 
phospliine 

Diethyoxyphosphonylethyl . 
diphenyl phosphine 

Ethoxypropyl diphenyl 
phosphine 
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42 Vinyl isopropyl i-Propoxyetlnyl diphenyl 
e-ther . phosphine 

43 Vinyl furan Furylethyl diphenyl 
ptiospliine 

5 44 Allyl ace-tate Acetoxypropyl diphenyl 

phosphine- 

45 Vinyl benzoate Benzoyloxyethyl diphenyl 

phosphine 

45 Allyl phenyl Waenyl"bhiopropyl diphenyl 

10 sulfide phosphine 

47 Divinyl sulfone Bis-(diphenylphosphinOet;hyl) 

sulfone 

Similar addi-fcions are carried o-ixt .using di-4- 
•tolyl phosphine and difluorophenyl phosphine and the 
15 above lansatrurated reactan-fes to yield the corresponding ring 
substituted products . 

Preparation and Properties of Tris-(Alicyl Diaryl 
Phosphine) Rhodium Carbonyl Hydride Complexes 

Preparation from Rhodium Chloride 

20 Example 48 - ' 

Preparation of Tris- (Trimethylsilylethyl Diphenyl Phosphine) 
Rhodium Carbonyl Hydride 

3 (Ph^PCH^CK^SiCCH^)^ + RhCl^.3 H^O 



[ Ph^PCH^CH^S i ( CH^ ) 3 3 3Rh ( CO ) H 



25 To a vigoroxisly stirred, refluxing, nitrogenated 

solution of ll,44g (40 mmole) of tris-(trimethylsilylethyl ) 
diphenyl phosphine of Example 1 in 400 ml of ethanol, a hot 
solution of l*04g (0*4 mmole) of rhodium trichloiride 
trihydrate in 80 ml ethanol was added at once. After a 

30 delay of 15 seconds, 40 ml warm aqueous (37%) formaldehyde 
solution .and, immediately thereafter, 80 ml hot ethanolic 
solution of 3.2g of potassium hydroxide were added. The 
resulting clear orange liqpaid reaction mixture was refluxed 
for IG minutes. During the heating, the color changed to 
deep orange. 

/ OMH 
V /i>. V/IPO 
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The mixture was cooled to -25 to crystallize 
the complex 'product. Crystallization started at -10**C and 
was completed on standing for about 2 hours at -25 ^C. The 
crystalline complex was separated by filtration through a 
5 precooled Buechner funnel with suction and washing 

successively with 20 ml cold portions of ethanol, water, 
ethanol and n-hexane* The complex was then dried in the 
presence of anhydrous' calcium chloride at 9.1 mm over the 
weekend. As a result, 2.2g (2-. 2 mmole, -55%) of dry 

10 tris-(trimethylsilylethyl diphenyl phosphine) rhodium 

carbonyl hydride complex was obtained as a fine crystalline 
orange-yellow powder. In a sealed capillary tube, the 
complex melted between 126-129 to a clear dark red 
liquid. In an open capillaryj' complete melting occurred at 

15 121<>C. There was no sign of decomposition on heating up to 
14-0® in either case. 



30 



The infrared spectrum of the complex in Nujol 

ind 
-1 



showed a strong carbonyl band of 1985 cm ^ and a band of 



medium intensity at 1900 cm 
20 Analyses Calcd. for C^^H^^OP^RhS : 0, 63.01; H, 

7.12; P, 9.38; Found: C, 62.89; H, 7. OS; 9.59. 

Preparation from Tris-Triphenyl Phosphine) 

Rhodium 

Carbonyl Hydride Via Ligand Displacement 

25 {Ph2P)3Rh(C0)H + 3 Ph^PR ^ { Ph^PR ) 3Rh ( CO ) H + 3 Ph^P 

The tris-(alkyl diaryl phosphine) rhodium 
carbonyl hydride complexes were prepared be reacting the 
readily available tris-( triphenyl phosphine) rhodium 
carbonyl hydride (from Engelhard Minerals and Chemicals 
Corporation, Newark, N.J.) with the corresponding alkyl 
diaryl phosphines. Generally, the reactions were performed 
in a "mixture of toluene and deuterated benzene as a solvent 
under a nitrogen blanket. The deuterated benzene component 
was used as a primary nmr standard. 



OM?i 



VO 80/01690 



PCT/U580/00213 



-89- 

At first, a solution of about 5% of the alkyl 

diaryl phosphine reactant was prepsu^ed. To samples of the 

solution, TPP rhodiiam carbonyl hydride was added in 

equivalent and half equivalent amoiants . The resulting 

5 mixtures were magnetically stirred lantil homogeneous 

liquids were obtained. Additional amounts of the toluene 

solvent were used if needed • The homogeneous reaction 

mixture was then studied by P nmr spectroscopy. Ch^ical 

shifts were measured by assigning a shift of O PPM 

10 to the frequency at which IM H^PO^ would resonate. 

The "^"^P nmr experiments were carried out using a 

JEOL FX 900 multi-nuclear nmr spectrometer. When required 

1 31 

the experimental conditions were adjusted, i.e. the H- P 
decoupling was removed and longer delays between pulses . 
15 were employed, to determine the relative populations of 
free and rhodium boimci alkyl diphenyl phosphine and TPP. 

The "^"^P nmr experiments are illustrated by Figure 
2 which shows the spectrvim of a six to one mixture of 
n-butyl diphenyl phosphine and tris-TPP rhodiiam carbonyl 
20 hydride, in comparison with a' spectrum of a three to one 
mixture of TPP and tris-TPP if^hodium carbonyl hydride. 

In the presence of excess butyl diphenylphos- 
phine, the only significant doublet peak of complexed 
phosphorus is that derived from butyl diphenyl phosphine. 
25 This complex was derived by ligemd exchange as indicated by 
the singlet of displaced free TPP- Although the doublet of 
the butyl diphenyl phosphine complex has a chemical shift 
value different from that of TPP, the coupling constants 
are about the same for both complexes . The coupling 
30 constant and chemical shift difference between bound and 
free ligand indicates that both ligands form tris- (phos- 
phine) rhodium carbonyl hydrides. 

Similar ligand exchange experiments were carried 
'Ciut with other alkyl diphenyl phosphines to form their 
35 tris- (phosphine) rhodium carbonyl hydride complexes to 
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determine the characteristic nrar parameters of such 
complexes . 

The nmr parameters of the trihydrocarbylsilyl- 
alkyl diphenyl phosphine complexes are shown by Table 5. 
The most characteristic parameter is the chemical shift 
value of the rhodirmi complexed ligsund. For comparison, the 
chemical shift values of the free ligands are also 
tabulated. Complexati-on by rhodium of the phosphine 
apparently produced a similar downfield change of the shift 
values. Finally, it is also noted in reference to the 
table, that even the limited exposure of the rhodium 
complexed phdsphines to air resulted in some oxida- 
tion to the corresponding phosphine oxides. The latter 
exhibited sharp singlets slightly upf ield from the 
complexed phosphine* 

The data of Table 5 show that with the exception 
of the last compound all the phosphine ligands form similar 
well characterizable complexes at room temperature. The 
line shapes of the signals showed little but varying 
broadening, i.e., ligand exchange. In the case of the 
tris-(trimethylsilylethyl diphenyl phosphine), tris-SEP, 
rhodiiam carbonyl hydride complex (Example 4.8), there was 
moderately slow ligand exchange between free and complexed 
phosphines. The exchange mechanism is illustrated for the 
SEP complex by the following (for details of the hydroforray- 
lation mechanism refer to Figure 1): 

-SEP +SEE>* 
(SEP)_E«:i(CO)H ZL^ (SEP)_Rh(CO)H -=r (SEP)-SEP*Rh(CXD)H 
+SEP -SEP 

The line shapes of signals for the SEP coiplex and 
the known TPP ccraplex are ccrtpared by Figure 3 at various tenperatures. 
At first, the 30 '^C spectra will be discussed. These spectra 
indicate that at 30 °C, there is a similar, ligand exchange 
rate between the new SEP and the known TPP complex. 
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The tris-SEP complex and -fcwo other trimethylsilyl- 
alkyl diphenyl phosphine complexes (Examples 51 and 52) 
showed a very similar ligand exchange behavior at 30°C. The 
tripropylsilylethyl diphenyl phosphine complex (Example ^9) 
5 exhibited a definitely slower exchange rate. The exchange 
rate of the triphenylsilylethyl diphenyl phosphine complex 
(Example 50) was even much slower than that. It appeared 
that substituted alkyl diphenyl phosphine ligands of * 
increasing bulkiness had decr-easing ligand exchange rates. 
In both cases though, the TPP ligand exchanged less rapidly 
than the alkyl diphenyl phosphine. 

Finally, it is noted that when even a moderately 
bulky alkyl substituent was close to the phosphorus, i.e., 
in the case of trimethylsilymethyl diphenyl phosphine, the 
15 complexation of phosphorus to the rhodium was inhibited 

(Example 5-4). In that case, there was no distinct complex 
formation with the sterically hindered ligand at 30«C. AT 
-60 °C, a stable complex was formed. However, this complex 
was decomposed w*ien its solution was heated under hydro- 
20 formylation process conditions. 

As far as ligand exchange rates at higher 
temperatures are concerned, the results shown by Figure 3 
are typical. Figure 3 shows the comparison of two systems: 
tris-triphenyl phosphine rhodium carbonyl hydride plus 
triphenyl phosphine and tris-trimethylsilylethyl diphenyl 
phosphine plus triphenyl phosphine. The latter system is 
the result of equilibrating the TPP complex with trimethyl- 
silylethyl diphenyl phosphine (SEP): 



25 



30 



(Pii3P)3Rh(CO)H + 3 Ph2PCH2CH2SiMe3 



tPh2PCH2CH2SiMe3]3Rh(CO)H + 3 PhgP 



SEP being a substituted alkyl diphenyl phosphine, was foxmd 
to be a stronger complexing agent that TPP. The spectra of 
both systems were taken under comparative conditions at 30, 
60 and 90«». 



V. 
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The line shapes of the signals of the 30 «C showed 
little signal broadening in both cases • This indicated 
comparably slow exchange rates of about 25 per second. Jn 
alternative terms , relatively long average exchange 
5 lifetimes, in the order of 2 x 10 sec, were indicated for 
both tris-phosphine conrplexes • At 60®, considerable line 
broadening occurred, indicating a much faster exchange. The 
^ exchange acceleration- was greater in the ca^e of the TPP 

system (k 600 vs. 80). The average lifetime was about 3 x 

— 3 —3 
10 10 sec for the TPP system and 6 x 10 sec for the SEP 

system. At 90**, only a single, broad signal could be 

observed for the TPP system while the SEP system still 

exhibited separate, although extremely broad, chemical 

shift ranges for the complexes sind free phosphorvis species. 

15 Aparently, the exchange acceleration in the case of the TPP 
system was tremendotis The average lifetime between 
exchanges was reduced about two orders of magnitude to 5 x " 
lO"*^ sec (kCi 10,000} • In the case of the DTS system, the 
average lifetime dropped by about one order to 5 x 10 sec 

20 (k<^ 1,500). It must be emphasized that the exchange rates 
and lifetimes reported here rtfay change somewhat when the . 
lineshape is subjected to a rigorous computer analysis. The 
relative order of their values will remain unaltered, 
however . 

25 I-fc is interesting to note that there was no gr^eat 

change of equilibria with the increasing exchange rates . 
Apparently, both ligeund elimination and addition increase 
simiilarly in this temperature range. The tris-phosphine 
^ rhodium species remained the dominant form of complexes. In 

30 the SEP complex plus free TPP system, the rhodium remained 
predominantly com^>lexed to the SEP. 

The role of excess phosphine ligand is apparently 
to maintain the equilibria in favor of the tris-phosphine 
•-complex, i.e. to reduce both the concentration emd average 
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lifetime of the unstable and highly reactive bis-phosphine 
complex- The increased ligand exchange rate provides enough 
active bis-phosphine complex catalytic species for fast 
hydroformylation, without leading to noncataljrtic side 
5 reactions, i.e. catalyst decomposition. 

In sxjmmary, the above and similar ligand exchange 
rate studies indicate that, in the presence of excess 
ligand, the alkyl di^ryl phosphine rhodium complexes are 
catalytically activated at higher temperatures than the 
10 known triaryl phosphine rhodium complexes. 

The results of a similar systematic ^^P study of 
various alkyl diphenyl phosphines is summarized in Table 6. 
The Table shows the ^^p nmr parameters of free and rhodium' 
complexed alkyl diphenyl phosphines in solution at 35 ». An 
15 oy^ryiew of Table 6 indicates that five ^o^^^ seven 

phosphine ligands examined formed tris-phosphine rhodium 
carbonyl hydride complexes. Steric crowding apparently 
inhibited complex formation. Comments on the detailed data 
of the table are made in the following. 
^° As was already discussed in conjxmction with 

Figtire 2, n-butyl diphenyl phosphine exhibits a ligand 
exchange behavior similar to "that of the SEP ligand 
(Example 5A) . However, it was slightly less effective in 
completely displacing TPP. In the latter respect, the 
25 bulkier n-hexyl diphenyl phosphine - was a more effective 
ligand (Example 55 ) . 

In comparison to n-butyl diphenyl phosphine, 
secondary butyl diphenyl phosphine is quite ineffective in 
replacing the TPP ligand (Example 56). Cooling to -60- was 
necessary to observe a clearly resolved doublet signal for 
the complexed secondary butyl compoxand. Alternatively, a 
complex of this ligand could be obtained at room 
temperature starting with (PH3As)3Rh(C0)H (TPA complex) in 
place of the TPP complex. 



30 
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Tertiary butyl and neopentyl diphenyl phosphine 
(Examples 57 and 58) did not form tris-plnosphine complexes 
xinder standard experimental conditions. Surprisingly, the 
t-butyl compoxmd had a destabilizing effect on the TPP 
5 complex reactant. As a result the mixture rapidly turned 

black, apparently due to rhodium precipitation. • 

3 , 3-Dimethylbutyl diphenyl phosphine exhibited a 
complex forming and equilibriation tendencies similar to c 
those of its silicon analog, -SEP. 

Finally, it is noted that cyclohexyl diphenyl 
phosphine only partially replaced TPP from its complex and 
exhibited a very high rate of ligand exchange (Example 60) . 
Overall this ligsuad and the secondary butyl diphenyl 
phosphine had a comparable complexing behavior. In both 

15 cases, steric crowding was a severXy. limiting, factor. 

The third type of ligands studied by '^^P nmr in a 
similar manner were alkylene bis- (diphenyl phosphines),. The 
parameters obtained for the free and complexed ligands of 
this type are summarized in Table VII. The first three 

20 bis-phosphines of the table are chelate forming compounds 
(Examples 61-63) . These were 'studied for comparison only. 
The next four compounds, i.e. polymethylene bis-phosphines 
did form the open chain tris-phosphine catalys complexes of 
the present invention (Examples 64.-67). Overall, the 

25 stability of the complex solutions increased in the order 
of their listing as indicated by their color stabi- 
lity. Comments on some of the details are made in the 
following. 

The reaction mixture of methylene bis-diphenyl * 
30 phosphine and the TPP complex was highly unstable (Example 
61). Some of the TPP was displaced but no single new 
complex predominated. The mixture rapidly turned dark. 

The complex formed by the reaction of dimethylene 
bis-diphenyl phosphine exhibited a single doublet for the 
35 complexed phosphorus (Example 62). Based on the unusual 
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chemical slxxft value of this doublet and the instability of 
this mixture, the complex appeared to have a chelating 
bis-phosphine moiety. The formation of this complex was 
apparently complete, the ligand exchange is slow. 

The complex derived from the trimethylene 
bis-phosphine was of further increased stability and 
reduced ligand exchange (Example 53). Based on the 
complicated set of doublet signals, the presence of 
chelating bis-phosphine con^lexes such as the compoiand 
shown in the table is suggested. 

The complexing behavior and the nmr parameters of 
the non-chelating polymethylene bis-diphenyl phosphines 
(Examples 64^-67) were, in general, very similar to that of 
the simple n-alkyl diphenyl phosphines. More particularly, 
the ligand exchange rates observed, were very similar t.o 
those previously foxind for the SEP ligand. In the presence 
of excess ligand, mostly one phosphine moiety of the 
bis-phosphine was coordinated. The phosphine group at the 
other end was mostly free as indicated by the formulas of 
the table. 

31 

The last table giving P nmr parameters lists 
the rhodiiam complexes of ten variously substituted alkyl 
diphenyl phosphines (Examples 68-78). With the exception of 
the diphenyl phosphine oxide substituted ligand (Example 
72) , all the complexes exhibited similar phosphorus to 
rhodium coupling constants. This indicated their tris- 
-phosphine complex character. In general these ligands 
exhibited the type of behavior discussed previously in the 
case of trihydrocarbylsilyl substituted alkyl diphenyl 
phosphines. Some specific observations are made in 
the following. 

The 2-phenylethyl diphenyl phosphine formed the 
usual tris-phosphine complex but was less effective than 
SEP in displacing TPP (Example 68). The next two ligands, 
i.e. the 2-pyrrolidinonyl and 3-diethylaminopropyl diphenyl 
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phosphines, were similar -to SEP bottx with regard to the 
completeness of the expected complex formation and ligand 
exchange (Examples 24, 25). It should be noted that the 
2-pyrrolidinonylethyl substitution led to \jnusual chemical 
5 shift values for both the free and complexed phosphine. 
ligand. 

The 3— sulfone and 3— phosphinoxide substituted 
ligands both completely displaced TPP like SEP did 
(Examples 71 and 72). However, they exhibited a signif ican-t— 

10 ly lower ligand exchange rate at room tenqperature . Partly 
due to the phosphine-phosphine oxide coupling, the spectrxom 
of the phosphine oxide substituted complex appeared to be 
exceptional . 

As far as the remaining ligands are concerned, 

15 the 2-carboraethoxyethyl derivative also exhibited a smaller 
ligand exchange than SEP (Example 74-). The rest of the 
ligands were similar to SEP both with regard to equilibria 
and rates (Examples 73 and 75 to 77), 

Other suitable substituted alkyl diaryl phos- 

20 phines are reacted similarly with tris- (triphenyl phos- 
phine) rhodium carbonyl hydride , tris- (triphenyl arsine) 
rhodium carbonyl hydride and the like to provide the 
corresponding tris— phosphine complexes- For example, 
starting with the substituted alkyl diphenyl phosphine 

25 ligands of Examples 33 to 4.7, the following miscellaneous 
substituted alkyl diphenyl phosphine complexes are formed: 
Example No, 5 

Complex Ligand Name of the Complex Formed 

78 33 tris-(naphthyl ethyl diphenyl phosphine) 

30 rhodium carbonyl hydride 

. 79 34 tris— ( aminopropyl diphenyl phosphine) 

rhodium carbonyl hydride 

80 35 tris- (morpholinopropyl diphenyl phosphine) 

rhodium carbonyl "hydride 

35 81 36 tris-"{carbamylethyl diphenyl phosphine) 

rhodium carbonyl hydride 

82 37 tris- (carbazyle thy 1 diphenyl phosphine) 

rhodium carbonyl hydride 

OMPI 
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S3 38 tris-Cpyridylethyl dxphenyl ptiosphine) 

rhodium carbonyl hydride 

39 tris-(phthalimidoe-thyl diphenyl phosphine) 
rhodium carbonyl hydride 

40 tris-(diethyoxyphosphonylethyl diphenyl 
phosphine) rhodium carbonyl hydride 

86 41 



87 42 



-tris-(ethoxypropyl diphenyl phosphine) 
rhodium carbonyl hydride 

■tris-{2-propoxyethyl diphenyl phosphine) 



lO rhodium carbonyl hydride 

^3 tris-Cfurylethyl diphenyl phosphine) 



89 44 



-tris-(ace-toxypropyl diphenyl phosphine) 
rhodium carbonyl hydride 



-tris-C benzoyl oxyethyl diphenyl phosphine) 
15 rhodium carbonyl hydride 

- tr is- (phenyl thiopropyl diphenyl phosphine) 
rhodiiam carbonyl hydride 

t:ris-[bis-(diphenylphosphinoe-bhyl) sulfone] 
bis- (rhodium carbonyl hydride) 

20 Similar substituted alkyl diaryl phosphine 

complexes are prepared from substituted alkyl difluoro- 
phenyl phosphines, substituted alkyl ditolyl phosphines, 
and substituted alkyl phenyl naphthyl phosphines. 

By selecting the appropriate substituent, 

25 the complex catalysts of the present invention can 

be fine tuned to provide optimum performance at the desired 
temperature- Also, substitution could be xased as a means of 
adjusting the solubility character of the free and 
complexed alkyl diaryl phosphine ligands. For example, the 

30 hydrophilic-lipophilic character of the ligand could be 
appropriately changed by introducing either large hydro- 
carbon substituent s (Example 3) or highly polar groups 
(Example 24). The acid-base character can be also changed. 




-lOl- 

For example, a basic amino group could be in-fcroduced 
(Example 25). Such a group can be the essential factor in 
catalyst recovery. Other ligand substituents can increase 
the solubility of gaseous reactants such as CO in the 
liquid reaction medium. A multiplicity of non-chelat.ing 
phosphine groups will drastically reduce ligand volatility. 

In general, it should be pointed out that a 
correlaion of the nmr and catalysis studies showed that 
those complexes which show lower ligand exchange rates at 
low temperatures have a higher activation energy as 
catalyst- That means that they required more thermal 
activation, i.e. higher temperatures, to become highly 
active catalysts . Less ligand exchange also meant a higher 
temperature for the irreversible thermal dissociation, i.e. 
decomposition of the catalyst complex. 

Under the preferred process conditions for the 

present catalysts, the structure of the tris-(alkyl 

diphenyl phosphine) rhodium carbonyl hydrides as described 

by the nmr parameters could be formed in situ and did not 

Tondergo suny irreversible chcunge. For example, the tris— SEP 

complex was generated under routine hydrof ormylation 

conditions at 120 *» from dicarbonyl acetyl ace tonato rhodium 

and was employed for 1-butene hydrof ormylation . After th,e 

reaction was complete, the volatile components were removed 

by distillation and the residual liquid was studied 
31 

by P nrm. The typical parameters for tris-SEP rhodixam 
carbonyl hydride and excess free SEP were foimd. 
General Method of Hydrof ormylation 

The hydrof ormylation of butene-1 to provide 
linear pentanal and branched 2 -methyl but anal products was 
selected for comparative studies of the catalytic proper- 
ties of certain of the allcyl diaryl phosphine complexes of 
the invention- The complexes studied were either isolated 
before use or generated in situ . In some cases , the desired 
complex was generated from the known tris— (triphenyl 
phosphine) rhodium carbonyl hydride by the addition of the 
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appropriate ligand in varying amount:s. According to another 
standard metiiod, dicarbonyl acetyl ace toriato rhodium and the 
appropriate alkyl diaryl phosphine were used as catalyst 
precursors. In that case, the desired rhodium carbonyl 
5 hydride complex was generated by hydrogenation during the 

hydroformylation experiment. Tris- (triphenyl phosphine) ^ 
rhodium carbonyl hydride in the presence of varying 
excesses of triphenyl- phosphine was used as a knovm ^ 
catalyst standard for compari-son. 
10 The experiments were carried out in a 300 ml 

stainless steel (S) and a 300 ml Hastelloy (H) autoclave, 
respectively. Both autoclaves were equipped with identical, 
highly effective, impeller type stirrers, operating at 750 
rpm during the experimental runs. The other standard 
15 autoclave instrumentation was identical for both units. 

However, a slightly lower normal to iso aldehyde product 
ratio (n/i) was observed in unit H.In those cases where 
the type of autoclave was not specified, a stainless steel 
unit was used. 

The standard batch hydrof omylation procedure was 
the following: the appropriate amoxints of rhodium complex 
were dissolved in 100 g of the proper mixture of a free 
phosphine and solvent. 2-propylheptyl valerate or a-ethyl- 
. hexyl acetate were used as standard solvents . They were 
25 indistinguishable. Most Often the amount of complex 

employed provided 100 ppm rhodium concentration. This meant 
loo mg, i.e., about 0.1 mmole rhodium per 100 g. According- 
ly, 100 mg per Kg, about 1 mmole per kg rhodium would be 
present in 1 kg starting mixture. The excess ligand added - 
to the solvent was usually calculated to provide a ligand 
to rhodium ratio (L/Rh) of about l^to. 

The 100 g rhodii:im complex- ligand solution was 
placed into the autoclave which was then deaerated by 
repeated presurization with nitrogen. The solution under 
35 atomospheric nitrogen pressiore was then sealed and heated 
to the reaction temperature, usually 100**C. 
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When tiie sblu-bion reached 100«C, 20 g of liquid 
butene was pressured into the autoclave with a 1 to ^ - 
carbon monoxide -hydrogen initial gas mixture. The butene 
was followed by the Cp/H^ mixture until a pressure of 350 
5 psig was reached. At that point, the supply of 1:4 CO/H^ 
was shut off and the autoclave was connected to a cylinder 
of about 1 liter voliame containing a 1:1 CO/H^ feed gas" 
mixture at 1000 psig.- The connection was made through a 
pressure regulating valve set to provide the 1 : 1 CO/H^ gas 
10 to the autoclave to maintain a 350 psig press.ure during -the 
reaction. The exact H^/CO ratio of the feed gas was often 
varied to * maintain the initial H^/CO ratio in the autocXave . 

In the standard tests, the autoclaves used 
were equipped with synthesis gas feed lines adjoining the 
15 autoclave above the Magnedrive stirrer assembly unit 

(Figure 4-). It is to be noted that this manner of intro- 
ducing synthesis gas feed far from the upper^ level of the 
liquid reaction mixture resulted in an incomplete 
equilibriation of the synthesis gas mixture between 
20 the gas and liquid phase. Particularly in those cases where 
the initial synthesis gas mi:5tture (used to pressure up the 
reaction mixture) had an to CO ratio of 10 or higher, 
the CO component of the subsequent one to one feed gas was 
not effectively delivered from the top into the licjuid 
25 reaction mixture due to mass transfer limitations. 

Therefore » the reaction mixture was of en "starved" of CO 
during the early fast phase of the reaction. As a conse- 
quence, the H^/CO ratio in the liquid temporarily rose to 
very high values. This resulted in particularly high n- to 
30 i- aldehyde product ratios. Also, olefin hydrogenation and 
isomerization became important side reactions. This, of 
course, reduced the absolute accuracy of the data on 
catalyst selectivities . Nevertheless, in a relative 
sense, the data are correct in all cases. For comparison, 
35 the widely studied Tris-TPP rhoditam carbonyl hydride 

catalyst system was used as a standard throughout the work. 
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In those instances, where the effect of to CO 
ratios and the effect of CO partial pressure were specifi- 
cally studied, the synthesis gas feed was introduced at the 
side of the autoclave, just above the liquid level. This 
^ method of operation largely avoided any temporary rise 
H^/CO ratios and drastically reduced hydrogenation and 
isomerization in cases where the initial H /CO ratio was 
high. Special studies were also made in a continuous feed 
introduction and product flashoff operation. This allowed a 
continues control of partial pressures and such pro- 
vided the most accurate results (Figure 4-) • 

The progress of the hydrof ormylation was followed 
on the basis of the amoiant of 1:1 CO/H^ consumed. The. 
latter was calculated on the basis of the pressure drop in 
the 1 liter CO/H^ cylinder. Reactant conversion calculated 
on the basis of CO consumption was plotted against the 
reaction time to determine the reaction rate. The reaction 
rate was expressed as the fraction of the theoretical CO/H^ 
requirement consumed per minute (k min~^) . The reaction was 
discontinued when the reaction rate drastically dropped. 
Dependent on the side reaction, such as butene-1 hydrogena- 
tion and butene-1 to butene-2 isomerization, the stability 
of the catalyst complex in the mixture, such a rate drop 
occurred generally between 80-98% conversion. Accordingly, 
the .reactions were usually discontinued in . that conversion 
range. Most often the reactions were run up to 80% 
conversion. 

When the reaction was to be discontinued, the 
CO/H^ feed valve was shut and the autoclave was immediately 
cooled with cool water. In case of low conversions, ice 
bath was used. When cooling was complete, the synthesis gas 
was released slowly. The residual liquid was visually 
observed for catalyst decomposition. A dark orange to brown 
color of the originally yellow mixture indicated increasing 
degrees of catalyst decomposition. Severe catalyst 
decomposition usually resulted, in the precipitation of dark 
solids . 
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Analyses of the residual liquid mixture were 
carried out using- gas ciiromatography . Ttie liquids were 
analyzed in a gc instrtoraent using flame ionization 
detector. By this instrument, the hydrocarbons were 
detected. Due to the lower response of this detector to the 
aldehydes, the intensity of the hydrocarbon peaks was 
multiplied usually by 0.7 to obtain the necessary concen- 
tration correction. The individual gaseous t^jrdrocarboans 
were separated by another chromatograph . At first the gases 
were separated from the liquids and then the individual 
components of the gas were chromatographed and detected by 
a thermal conductivity detector. 

1-Butene Hydrof ormylation Experiments (Examples 93-100) 

In the following description of 1-butene 
hydrof ormylation catalysis by tris-(alkyl diaryl phos- 
phine) rhodium carbonyl hydride based catalyst systems, 
at first their unique catalytic behavior will be exempli- 
fied by a detailed description of the tris- (trimethyl- 
silylethyl diphenyl phosphine) rhodium carbonyl hydride, 
i.e. SEP complex, plus SEP system. For comparison, 
detailed data will be also provided on the know tris-(tri- 
phenyl phosphine) rhodium carbonyl hydride, i.e. TPP 
complex, plus TPP system. This will be followed by short 
descriptions of the catalytic behavior of various 
substituted and lonsubstituted alkyl diphenyl phosphines. 
Finally, an example of a continuous hydrof ormylation 
process based on the SEP system will be described. 

Example 95 

Tris-(Trimethylsilylethyl niphenyl Phosphine) Rhodium 
Carbonyl Hydride as- a Catalyst in the Presence of 
14.0-Fold Ligand Excess at Different Temperatures 

The complex of Example ^8 was studied at the 107 

ppra rhodium level in the presence of 140-fold trimethyl- 

silylethyl diphenyl phosphine (SEP) ligand as a butene 

hydrof ormylation catalyst using the general procedure. 

Comparative experiments were ruti using 107 ppm rhodixam as a 
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tris-{ triphenyl phosphine) carbonyl hydrode complex with 
14.0-fold triphenyl phosphine (TPP). Reaction rates, n/i 
product ratios, conversions and by-products were determined 
at various temperatures. The results are shown by Table IX. 

The data of the table show that both the SEP and 
the TPP based catalyst systems are highly active and 
product a high ratio of n/i products at most temperatures. 
However, the temperature dependence of the two systems is 
very different. 
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The novel SEP catalyst s^ystera exhibits an 
increasing activity with elevated temperatures. At 100*>^C. 
and IZO^C. the n/i ratio of products is about the same and 
there is only a small n/i drop at 145°C, High butene 
5 conversion is observed at all temperatures. The only 
^ adverse effect of temperature increase is the increased 

hydrogenation and isomerization of the butene— 1 reactant. 
The SEP system remains clear, bright yellow in appearance, 
even at 14.5 «»C. 

• 10 The known TPP catalyst system exhibits thq same 

increased activity at 120**C. and 140*C. However, the n/i 
ratios in this case are dramatically reduced with incireas- 
ing temperatures. AT 145 ^'C, the n/i ratio products is 
significantly lower in the TPP than in the SEP system. -At 

15 145^C., the reaction rate of the TPP system also drops. 
Decomposition of this system at this temperature is 
indicated by darkening of the reaction mixture. The 
behavior of the SEP and TPP systems is compared by 
Figures 5A and SB. 

20 The results of similar but more extensive studies 

are shown by Figures 6 to 9. 'Figure 6 correlates the 
hydrof orinylation rate with the temprerature . It shows that 
in the presence of the SEP complex catalyst, the rates of 
1-butene hydrof ormylation were increasing with elevated 

25 temperatures up to 155® C. In the case of the TPP catalyst, 
increased rates were observed only to about 135 *»C. Beyond 
these temperatures, reduced hydrof ormylation rates were 
observed apparently due to catalyst decomposition. 

Figure 7 correlates the hydrof ormylation 

30 temperature with the selectivity for producing the linear 
(n-) versus branched (i-) aldehyde. It is shown that the 
n/i ratios depend on the temperature in the case of both 
catalysts . 

When hydrof ormylations are carried out above the 
35 stable temperature range of the catalysts, a drastic drop 
in the n/i ratios is observed. This drop occurs above ISS'^C 
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for the SEP catalyst and above 135 *>C for the TPP catalyst. 
At the same hydroforinylation temperature, the use of the 
SEP catalyst leads to somewhat higher n/i ratios. It 
appears that the SEP catalyst could be used at an about 
20'»C higher hydrof orraylation temperature than the TPP 
catalyst and would still exhibit a selectivity equal to 
that of TPP at the lower temperature. 

With regard to the undesired hydrogenation of the e 
1-butene feed to produce n-butane (Figure 8) , it is noted 
that, in the case of the SEP catalyst, the percentage of 
n-butane formed more than triples to about 11% when the 
reaction temperature is increased from 100**C to 135<>C. 
However, there is very little increase between 135 ®C and 
165»C. In contrast, limited data indicate that, in the case 
of the TPP catalyst, the level of hydrogenation stays 
around the 10% level between 100 «>C and 14.0^C. 

The behavior of the SEP and TPP catalysts appears 
to be also different with respect to the isomerization of 
"tbe 1-butene feed to cis- and trans-butene-2 by-products 
(Figure 9). In general, less isomerization occurs when the 
SEP catalyst is used. However, the percentage of isomerized 
olefin is increased with temperature in the presence of 
both catalysts, up to 165 »C. When the SEP catalyst becomes 
unstable at 170°C, less 2~butenes by-products are obtained 
apparently due to secondary reactions, i.e., hydrogenation 
and hydrof orraylation. In contrast, the thermal destabiliza- 
tion of the TTP catalyst in the 14-0-145 « range results in a 
large increase of the percentage of 2-butenes in the 
reaction mixture. ^ 
Example 94> 

Tris-(Trimethylsilylethyl Diphenyl Phosphine) Rhodium 
Carbonyl Hydride as a Catalyst at Different Levels of Excess 
Ligand Concentrations 

The complex catalyst of Example 48 was studied 
mainly at the 105 ppm rhodixm level and at 100** reaction 
temperature to determine the effect of the excess trimethyl- 
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silyletliyl diphenyl phosphine ligand (SEP). The SEP 
concen-bration used ranged from 5 to 14-9 iranole per liter. 
Some comparative experiments were also carried out using 
tris-(triphenyl phosphine) rhodiiam carbonyl hydride and 
5 varying excess concentrations of the corresponding 

triphenyl phosphine ligand (TTP) . The results of these 
studies are shown in Table X- 



increasing concentrations of -excess ligand result, in 
10 decreased reaction rates but sharply increased selectivi- 
ties, i.e., n/i ratios, in both" the novel and the known 
catalyst systems . There is an apparent inhibition and 
stabilization of both systems at high ligand concen- 
trations. However, the behavior of the two catalysts is 
15 significantly different at relatively low excess ligand 
concentrations . 



The data of- Table X show that, in general. 
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The novel SEP ca-talyst sys-tem leads to higher n/i 
product ratio than the TPP system at five inmole/l excess 
ligand concentration (Seq. No. 1 vs. Seq. No. 9). At the 
intearmediate SEP concentration of 56 nimole , there is a good 
5 selectivity and sufficient reaction rate (Seq. No. 4).* It 
is interesting to. observe that the positive effect of 
increasing catalyst comple>r concentration on the reaction 
rate can be coionter- balaxiced by the inhibiting effect of 
increased SEP concentration (compare Seq. Nos . 3 vs. 4 and 

10 6 vs. 7). Clearly, the SEP concentration is more important 
than the SEP/Rh ratio. AT the high SEP level of 143, there 
is some further increase in the n/i ratio, but reaction 
rate is cut to about one fourth (compare Seq. Nos. 4 and 
5). At this level, the rate can be increased while 

15 maintaining the high n/i ratio by increasing the reaction 
temperature (see Seq. No. 8 and the table of the previoxis 
example ) . 

The effect of different ligand to rhodixam ratios 
on the n/i ratios of butene hydrof ormylation at different 

20 temperatures was further examined. The results are 
summarized by Figure lO. 

The figure shows that as the SEP/Rh ratio changes 
from about 140 to about 1000, the n/i ratio at 80% 
conversion changes from about 2 to 7. The major chsuage in 

25 the percentage of the n— aldehyde product occurs in the 140 
to 500 L/Rh range. It was shown in additional experiments 
that there was very little - further selectivity increase 
when the SEP ligand was used as the solvent (i.e., in about 
75% concentration) . • . 

30 The increased selectivity to linear aldehyde is a 

consequence of the increased catalyst stability in these 
experiments. The increased catalyst stability is also 
reflected in a decreasing darkening of the reaction mixture 
with .increasing ligand concentration. Another sign of the 

35 increased stability is the better maintenance of the 

hydrof ormylation rate with increasing conversion. Finally, 
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it was also noted that the increased ligand concentration 
resulted in a moderate suppression o£ the rate of hydro- 
genation. Nevertheless, hydrogenation remained significant 
enough to cause a decreasing H^/CO ratio during the 
5 reaction. 

Similar studies of the effect of increased SEP/Rh 
ratio were carried out at 160, 1^5 and 120*»C. The data 
obtained at 145** are 3^1so shown in Figure 10. The lower the 
reaction temperature, the less effect of increased L/Rh ■ 
10 ratios was observed. At decreasing temperatures, most of 

the effects were observed in the range of increasingly low 
L/Rh ratios. A^so, the main effect was on selectivity 
rather than on stability. 
Example 95 

15 

Hydroformylation Selectivity of Tris-CTrtmethylsilylethyl 
Diphenyl Phosphine) Rhoditam Carbonyl Hydride Excess Ligand 
Catalyst System at Different Olefin Conversions, i.e. - 
At Different Carbon Monoxide Concentrations 

Butene-1 was hydrof prraylated in the Hastalloy • 

20 lonit according to the general procedure. The catalyst and 
ligand concentrations were liigher than usual and the 
reaction conditions milder as shown in Table XI. The 
reaction mixture was frequently sampled during the process 
and the samples were analyzed by gc to determine the 

25 relative selectivities to n- and i- aldehyde products and 
hydrocarbon by-products as a fxanction of butene-1 conver- 
sion. The detailed data are given in Table XI. 

The data of Table XI indicate that the n- to i- 
ratio of aldehydes in the reaction is decreasing as the 

30 conversion increases. Up to about 60% butene conversion, 
the n/i ratio stays above 18.5, although it is steadily 
dropping (see Sample Nos. 1-2). In the 72-78% conversion 
range, the n/i ratio is about 14. Once butene-1 conversion 
reaches 9.0%, the n/i ratio of the product mixture is down 

35 to about 11.5. 
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It was also observed that during the conversion 
of about 25% of the butene, the total aldehydes to 
hydrocarbon by-products ratio was lower than at higher 
conversions (about 70/30 versus 90/10). It is believed that 
this is due to uncontrolled nonequilibrium conditions early 
during the reaction. Almost all the hydrogenation occurred 
during the first 10 minutes of the reaction. During the 
early, very fast part of the reaction, the liquid reaction 
medium became - starved of CO. -Due to the resulting low CO 
partial pressure, the n/i product ratio became very high. 
However, the amount of CO during some of this period was so 
instxff icient that much hydrogenation and isomerization 
occxarred. In a continuous process, where the low optimum 
concentration of CO could be more accurately maintained, 
high selectivity to aldehydes could be better achieved 
without producing significant amounts of by-products. 
Example 96 

Hydroformylation with the Tris- 
(Trimethylsilylet hyl Diphenyl Phosphine) Rhodium Co mplex 
System - " — ^ 

In a series of experiments, tris-( triphenyl 
phosphine) rhodiiom carbonyl hydride was reacted with a 
varying excess concentration of the novel substituted 
diaryl alkyl phosphines . This resulted in the formation of 
the novel catalysts of the present invention which were 
studied for their catalytic properties in the usual manner 
in the Hastalloy unit (H) . 

Tris- (triphenyl phosphine) rhodium carbonyl 
hydride, O.lg (0.1 mmole) , was mixed with 80g of a mixture 
of ^g (14 mole) of trimethylsilylethyl diphenyl phosphine 
and 76g 2 -propylheptyl valerate to provide an SEP catalyst 
system. For comparison, the same complex was also mixed 
with 80g of a mixture of 3.7g (14 mole) of triphenyl 
phosphine to provide a TPP -catalyst system. This provided 
two systems having 105 ppm rhodium and a 140 fold ligand 
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excess • 

Bu-bene hydrof ormylations were then carried out 
with both catalyst systems at lOO^C. in the usual itianner. 
The results indicated that the main catalytic species of 
5 the SEP system, is a SEP complex. The reaction rate o£ the 
SEP system was about X/6 of the TPP system (k min~-^ values 
of O.02 and 0 1 12 , respectively). The n/i product ratios 
were about the same C'-^ . 2 ) . 

Other SEP catalyst -systems were made up the same 
10 way except for the different L/Rh ratios: 25 and 5. They 

were also employed successfully for, butene hydrof ormylatlon. 
Exgumple 97 

Hydroforraylation with the Tris-(Trimethylsilylethyl 
Diphenyl Phosphine System at Different H ^ /CO Ratios 

15 For a further study of the effect of the H^/CO 

ratios on hydrof ormylation selectivity, the feed gas was 
provided through the side arm of the autoclave to provide 
conditions during the reaction which are closer to 
equilibrium. This type of operation was specific to this 

20 example . 

The SEP complex catalyst was fo.rmed in situ 
during hydroforraylation from acetylacetonato dicarbonyl 
rhodium. The H^/CO ratios of both the initial H^/CO gas and 
the final unreacted synthesis gas , in the head space of -the 
25 autoclave, were analyzed. The H^CO ratio of the feed gas 
was adjusted to keep the initial and final H^/CO ratios 
the same as much as possible . 

The results are shown by Table XII. The data 
show that as the H^/CO ratio was increased from 1 to 20 
30 the ratio of n- to i- aldehydes was increased. It is also 
interesting to note that haying the side arm feed resulted 
in much less 1-butene isomerization and hydrogenation than 
obtained previously with top feeding. 
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Comparative side arm feed experiments were also 
carried out using the known TPP catalyst system at the 
same concentration. At 120«»C, significant side reaction 
continued to occur. Apparently, equilihrivm conditions 
5 were not sufficiently approached. Consequently, further 
experiments were carried out at 90 °C where the reaction 
rate is sufficiently slow to avoid side reactions. The 
results are also shown by Table XII. They show that TPP 
■ at 90-C exhibits a similar behavior to that of SEP at iZO'C. 
10 The n/i ratios are slightly higher to TPP, apparently due 
to a higher average of H^/CO ratios. 

Example 98 

Hydroformylation with the Tris- (Trimethylsilylethyl Diphenyl 
Ehosphine Rhodium Complex System at Different CO Partxal 
15 Pressures — — 

The results of the type of experiments described 
in Example 97 were plotted in Figure lO to show the dependence 
of n/i aldehyde product ratio's on the CO partial pressures . 
In additional experiments the H^/CO ratios were kept constant 

20 with changing CO partial" pressures by maintaining an appropriate 
fraction of the total 350 psi ( 26 Atm. ) gas pressure by 
N gas. There was relatively little change in reaction rates - 

Figure 10 shows that decreasing CO partial pressures 
result in higher n/i product ratios even though the H^/CO 

25 ratio is kept constant. The dependence of the n/i ratios 

is particularly strong in the low CO partial pressure range. 

Example 99 

comparative Hydroformylation with Tris-(Trihydrocarbylsilylalkyl 
Diphenvl Phosphine) Carbonyl Hydride Based Catalyst Systems 

30 In a series of experiments, the results of which 

are showii in Table XIII, various silyl substituted alkyl 
diphenyl phosphine complexes were tested as 1-butene hydro- 
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• f ormylation catalysts under standard test conditions . using . " 
top synthesis gas feed. The data indicate, that with the 
exception of the last catalyst, the. complexes tested show 
the same type of catalyst behavior as the previously discussed 
5 SEP complex. The last complex tested, i.e., the one based 

■ onThe trimethylsilylmethyl ligand, was unstable. It showed 
less selectivity than the others even at the relatively 
low hydrof ormylation -temperature used in this case. 

Example 100 

10 Hydroformylation with Various Tris(Alkyl Diphenyl Phosphine) 
RhodxTam Carbonyl Hydride Catalysts ^ 

In a series of standard experiments, the results 
of which are shown in Table XIV, various tris-(alkyl diphenyl 
phosphine) rhodivum complexes were tested as 1-butene hydrof ormy- 

15 lation catalysts. It is emphasized that a 4 to 5 H^/CO 
ratio and a 14-0 L/Rh ratio was used in these tests, in 
contrast to published work wi-th similar systems. 

Overall, all of the n-alkyl diphenyl phosphine 
complexes exhibited similar catalytic behavior (Seq. Nos . 

20 1-11). At sufficiently elevated temperatures, where they 
were active and stable, highly linear aldehyde products 
were selectively produced at a high rate. This is in contrast 
to the published low temperature results by Sanger and , 
others which were referred to earlier. 

25 It is noted that the ligand volatility in the 

ethyl-, propyl- and butyl- diphenyl phosphine complex systems 
was foxxnd to be too high for their application in a continuous 
product flashoff process. In contrast, the ligand of the 
novel tris^Chexyl diphenyl phosphine) rhodiiam complex showed 

30 no objectionable volatility (see Example 110). Other 

or higher alkyl substituents of appropriate structure can 
also "provide the desired reduced volatility. 
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In -ttie second group of -tes-t results 
shown in Table XIV", the effect of alkyl substituents 
of different branching was investigated (Seq. 
Nos, 7-11) • Compared to the n-butyl derivative, 
5 . the secondary butyl derivative was found to be 

a much less selective catalyst for linear aldehyde 
production (Seq, No. 7). This is an apparent result 
of the steric inhibition of the desired tris-phosphine 
complex formation (see Exarapie 56 for the nmr 

10 characteristics of the complex).* It is also noted 
that the t-butyl diphenyl phosphine system showed 
no catalytic activity whatsoever under these condi- 
tion. It is recalled that in that case no tris-phos- 
phine was formed at all (see Example 57 for attempted 

15 complexing) - 

The last pair of ligands tested shows 
that minor structural differences can result in 
major differences in the selectivity of the catalyst 
system. The use of 3 , 3-dimethylbutyl diphenyl 

20 phosphine ligand, the carbon analog of SEP, resulted 
in the desired high n/i ratio of aldehydes (Seq. 
Nos. 8 and 9). This ligand does form tris-phosphine 
complex (see Exarapie 59 for complex). In contrast, 
employing a neopentyl group having one less methylene 

25 group between the phosphorus and the sterically 

demanding t-butyl group led to much poorer catalyst 
selectivity (Seq- Nos- 10 and 11). This is again 
a consequence of the steric inhibition of tris-phos- 
phine formation (see Example 60) . 

30 Excimple lOl 

Hydrof ormylation with Chelating and Non-Chelating 
Allcylene Bis- (Diphenyl Phosphine) Rhodiijm Complex 
Catalysts - 

In a series of experiments , the results 
35 of which are summarized in Table XV, alkylene 
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bis-(diphenyl phosphines) were tested as ligands 
for rhodium complex catalyzed hydrof ormylation 
under standard conditions. The ligand to rhodium 
ratio was either 1.5 or about 70. Since these 
5 are bis-phosphine ligands, the above values correspond 

to a P/Rh ratio of 3 and 140, respectively. ^ 

The bis-phosphine ligands tested had 
an increasing number -(n) of" methylene, i.e. , CH^ " 
groups, separating the two phosphorous atoms. 
lO This increase led to unexpected changes in catalysis. 

In the case of the sterically crowded 
monomethylene (n=l) bis-phosphine, the catalyst 
system showed little activity and n/i selectivity 
at the L/Rh ratio of 1.5 and no activity ai:: L/Rh 
15 ratio of 71 (Seq. Nos. 1 and 2). The chelate forming 
dimethylene (n=2) bis-phosphine showed a similar 
behavior (Seq. Nos. 3 and 4) . 

The trimethylene {n=3) bis-phosphine 
ligand, which forms a different chelate (see Example 
63), is more active that the previous ligands. 
It has significant activity when the L/Rh ratio 
is 1.5 (Seq. No. 5). However, as compared to the 
previous ligands, it has less activity and less 
selectivity when the L/Rh ratio is 73 (Seq. No. 
25 5). 

In contrast to the chelating bis-phosphines , 
the non-chelating polymethylene (n = 4., 6, 14) 
bis-phosphines showed higher n/i product ratios 

at the higher L/Rh ratio (Seq. Nos. 7 to 13) . ^ 
The catalytic behavior of these bis-phosphine 
ligands, which form tris-phosphine complexes at 
high L/Rh ratios, is shown in detail in the case 
of the hexamethylehe (n=6) compound. As can be 
see, at a 1.5 L/Rh ratio the hexamethylene bridged 
35 bis-phosphine ligand leads to an n/i aldehyde 

product ratio of 4.1. At a L/Rh ratio of 70, the 
n/i ratio is increased to 9.7 under otherwise 
identical conditions . 



20 



30 
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Example 102 

Hydroformylation with Aryl , Amide and Amine Subs-titu-fced 
Alkyl Diphenyl Rhodiiom Complex Catalysts 

In a series of standard 1-butene hydrofor- 
5 mylation experiments, three substituted alkyl 
diphenyl phosphines representing aryl, amide and 
amine f imctionalities were studied as tris-phosphine 
rhodium complex forming ligands- The results are 
shown in Table XVI. As shown therein, all three 

3-0 complexes were highly selective catalysts for 
linear aldehydes when stable. As the reaction 
temperature was increased beyond the stable range 
of the desired catalyst complexes, the selectivities , 
i.e. n/i aldehyde ratios, decreased. 

15 As described, the tests show that the 

novel 2-phenylethyl- , 2-pyrrolidinonylethyl- and 
2 -di ethyl aminoethyl -diphenyl phosphine rhodium 
complexes previously described in Examples 68, 
69 and 70 are selective catalysts in the hydrofor- 

20 mylation of the present invention. 

Example 105 

Hydrof ormylation with Sulfone, Phosphine Oxide, 
Keto, Carboxylate, Hydroxy and Ether Substituted 
' Alkyl Diphenyl Rhodium Complex Catalysts 

25 The series of standard butene-1 hydroformyla- 

tion tests suramari2:ed in Table XVII , describe 
the catal5rtic behavior of further, variously sub- 
stituted alkyl diphenyl jphosphine rhodium com- 
plexes . As it was described in Examples 71 to 

30 73 these complexes are all -of the tris-phosphine 
type. The data of Table XVII show that they are 
all selective catalysts for forming highly linear 
aldehydes. 
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With regard to the sulfone substituted ligand, 
2-ethylsulfonylethyl diphenyl phosphine, it is noted that 
it gave a parcticularly selective catalyst complex. The 
activity of this complex rapidly increased in the lOO to 
5 145 "C range. This behavior correlates with the formation of 
a highly stable complex having miniirtum ligancJ exchange 
at 35" (Example 71). The attractive catal3rfcic properties of 
such a complex apparently depend on the specific manner of 
thermal activation plus stabilization in the present 
10 process. 



Hydroformylation of Various Olefinic Compounds 
( Examples 104-106) 

In the following, the hydroformylation of various 
olefinic compounds is described^ mostly under standard 

15 conditions. As catalyst, tris-(trimethylsilylethyl diphenyl 
phosphine) rhodium carbonyl hydride was used throughout 
these experiments. At first, the hydroformylation of 
propylene will be described. Then a series of experiments 
on a variety of olefins including a non-hydrocarbon 

20 derivative will be discussed.; Finally, it will be shown 
with isomeric pentenes, how the present process could be 
employed when starting with a mixture of olefins. 

Excunple 104 

Hydroformylation of Propylene 



25 



30 



The complex of Example 48 was studied at the 458 
ppm rhodium level, in the presence of a one hundred fold 
excess of trimethylsilylethyl diphenyl phosphine ligand. as 
a propylene hydroformylation catalyst. The reaction 
temperature was lOCC. , the 1:4 CO/H^ pressure was 400 psi. 
The general procedure previously employed for butehe 
hydroformylation was used to carry out the reaction. 
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Thie reaction rate was foiand to be k=:O.04. itiin , 
expressed as the fraction reacted,. In 60 minuted, 82% 
conversion was reached based on the CO/H^ consumed. The 
ratio of n-butyr aldehyde to methyl -propanal products was 
5 5,0. The selectivity to these aldehydes was 87.5%. The. 
selectivity to the by-product propane was only 2*5%. 

Example 105 

Hvdroforipylation of Miscellaneous Olefinic Compoxinds 

In a series of experiments, the results of which 
10 are siammarized in Table XVTII, a number of olefins were 

bydroforraylated using the tris-SEP. complex based catalyst 
system (Seq. Nos . 1-7). 

Using a high L/Rh ratio, 1-pentene was 
selectively hydrof ormylated at UO^C (Seq. No. 1). A lower 
15 L/Rti ratio was successfully used at 14-5 ^'C for the selective 
hydrof ormylation of 1-octene (Seq. No. 2) . 

A comparison of the n/i selectivities indicated 
that, in the absence of isomerization, 1-n-olefins of 
increasing Ccurbon number react with increasing selectivity. 
20 Branching of terminal olefins further increased n/i 

selectivity. This is shown by the example of 3 -methy Ibut ene 
(Seq. No. 4) . Internal olefins could also be hydro- 
formylated as shown in the case of cis butene-2- hydroformy- 
lation (Seq. No. 5). It is important to note that 
25 isomerization to 1-butene also occtorred as indicated by the 
formation of n— valeraldehyde. 

A terminal olefin having a substituent on a 
vinylic carbon, such as 2-ethylhexene , showed an 
essentially specific terminal reaction to produce only the 
30 linear aldehyde derivative (Seq. No. 6). 
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Finally, an oxygenated diolefinic compoiind, 
diallyl ether, was also successfully hydrof ormylated 
without any apparent, major hydrogenation side reaction 
(Seq. No. 7). Both the mono- and bis- hydroforraylated 
5 products could be selectively produced. At low conversions, 
the primary unsaturated aldehyde products predominated. At 
high conversions, a high yield of the dialdehyde products 
was obtained. 

Example 106 

10 Hydroformylation of an Isomeric Mixture of Pentenes 

The results of two exemplary hydroformylation 
experiments using a mixed pentenes feed are presented 
in Table XIX to show that all or certain components 
of olefin mixtures can be reacted. 

In the experiments shown therein the tris-SEP 
rhodium complex was employed in the usual manner. However, 
no added solvent was employed. 

The data show that 'the 1-n-olef in component 
(1-pentene) was the most reactive among the significant 

20 olefin components in both runs (Nos. 1 and 2). The minor 
branched olefin {3-methyl butene-1) was also highly 
reactive. High conversions of the internal olefin 
components (cis- and trans- •pentene-2 • s ) and the olefini- 
cally substituted terminal olefin (2-methylbutene) could 

25 also be realized under the more forcing conditions of run 

No. 2. It is noted that xinder the latter conditions some = 
darkening of the reaction mixture occxirred indicating some 
long term instability. « 

Example 107 

30 Cont inuous Hydrof ormy lat ion 

The tris-(trimethylsilylethyl diphenyl phosphine) 
rhodium, carbonyl hydride catalyst system was extensively 

( OMH ^ 
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studied in a continuous hydrof ormylation unit. The feed was 
butene-1 and the products were continuously removed 
together with the unreacted volatile components of the 
reaction mixture. The typical reaction temperature for the 
5 SEP based system was 120<»C. Comparative runs were also 

carried out with a similar TPP based system, at 100 ^'C, Both 
systems could be successfully operated on the short 
run, although it appeared that the known degradation 
reactions and the stripping of the valeraldehyde trimer ■ 
10 by-product at 100 '•C could become a problem with TPP. The 
SEP system showed excellent long terra stability and 
activity maintenance. 

A representative 30 day continuous operation 
of the SEP catalyst system is illustrated in Figure 
15 12. With regard to the continuous operating conditions, 

it is noted "that the total synthesis gas pressure was lower 
(125 psi,^ — ^8.5 Atm) and the H^/CO ratio higher (10/1) than 
in most of the batch studies. Also a higher concentrationof 
rhodium (270 ppm) and a higher L/Rh ratio (210) were 
20 employed. Under these conditions a batch experiment 

produced results similar to those found in the continuous 
operation. 

In the continuous hydrof ormylation the catalyst 
was generated from dicarbonyl acetylacetonato rhodium in 
25 situ. The precursor was a more active but much less 

selective hydrof ormylation catalyst than the desired final 
catalyst. 

In a typical operation 1-butene was introduced 
into the reactor at a rate of 4.4 mole per hoxar. The rate 
30 of CO was typically 2 standard cubic feet per hour (SCFH) . 
The hydrogen was introduced int he 15 to 25 -SCFH range. By 
changing the hydrogen ratio the aldehyde production rate 
and other parameters could be appropriately and reversibly 
controlled. 
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During the reaction isomeric valeraldeinyde 
trlmers and some tetramers were formed. At an equili- 
brium concentration they were in the concentration 
range of from about 50 to 80% by wt. 

After the reaction system came to equilibrium, 
the rate of hydrogen gas feed introduction was 

decreased from 19.2 to 17.6 SCFH (1 SCFH = 28.3 
3 

dm /hr) during the seventh day of the rxm. This 
resulted in an increased production rate. As expected, 
10 this process was fully reversible. Also, a decrease 
of the synthesis gas feed rate above the initial 
level, to 24-. 5 SCFH on the 15th day, resulted in 
the expected decreased production rate. 

On the nineteenth day, the reaction tempera- 
15 ture was raised to 125**. This resulted in an about 
39% reaction rate increase as expected on the basis 
of an activation energy of 15.5 kcal. Subsequent 
changes of the space velocity of the synthesis 
gas feed at this higher temperature resulted in 
the expected reaction rate changes. 

On the basis of the kinetic changes observed 
during the approximately 3 weeks of operation shown 
by the figure and on the basis of other continuous 
hydroformylatlons with the same catalyst system, 
a rate equation was developed. This rate equation 
did fit all the data. The rate constant remained 
unchanged after the startup equilibrium period 
for the 25 days shown. It is noted that the lack 
of change of the rate constant means that there 
is no loss of catalyst activity during this period. 
The only long term change in the catalyst system 
was some oxidation, probably by oxygen, of the 
phosphine llgand to the corresponding phosphlne 
oxide. In the presence of excess phosphine, this 
35 oxidation had no adverse effect on the reaction 

rate. Combined gas chromatography and mass spectro- 
scopy studies could not show any evidence of a 
llgand degradation similar to that reported to 
occur via o-phenylation in the TPP system. 
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TABLE XIX 

HYDORFORHYLftTIOH OF MECED PENTEMES MtlM TRIS-(T1UMETHYLSILYLET«YL OIPHEMYL 
PHOSPHIME) RHODIUM COMPLEX CATALYST SYSTEM 

Catalyst: L,Rh(CO)H, L • SEP. L/Rh. 139; Precursor: Oica.-fconyl Acetyl- 
acetonato RhSdiua; Oleflnr 100 g Mixed Pentenes withoat Added Solvent 



Reaction Conditions 



Temperature, •C 
Time, Min. 
Olefin Conversion* 
Rh Cone, ppa 



0: Feed 



1 



120 120-145 

300 360 

30 55 

109 293 

Composition of Reaction Mixture 



C- Hydrocarbons. 


'Mole % 


Mole S 


Conv. % 


Stole % 


Conv. 


3-Methylbutene 


0.31 


0 


100 


Q 


100 


1-Pentane 


0.4S 


0.53 




1.02 




1 -Pentane 


8.04 


0.89 


. 89 


0.71 


91 


2-Kethylbutene 


24.61 


19.13 - 


22 


7.14 


71 


n-Pentane 


4.14 


5.10 . 




6.10 




t-Z'Pentene 


28.97 


19.95 - 


31 


&.63 


81 


c-2-Pentene 


12.32 


7.35 


40 


2.19 


82 


2-Methylbutene-Z 


21.04 


22.22 


0 


22.46 


0 


Aldehydes 


None * 


Mole % 




Mole % 




2Hnethyl pentanal 




13.86 




27.33 




3-fiiethyl pentanal 




S.69 




16-97 




A-mehtyl pentanal 












n-l)exanal 




5.27 




10.46 
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Combined HydLrofonnylat;ion-Aldolizat:ion 
Exainples (108-111) 
Example 108 



10 



15 



30 



Combined Hydroformylation-Aldolization of 1— Bu-fcene 
at 120 °C in the Presence of tris-(Trimethylsilylethyl 
Diphenyl Phosplnine) [SEP] Rhodium Carbonyl Hydride Complex 

- CO/H 

SC^H^CH^CH^ ^ 2C^HgCHO 



j- 



«2° H, 



C H CH=CCHO C^H CHCHO 

n,n-enal n,n-anal 
The combined hydrof ormylation , aldolization and 
hydrogenation of butene-1 was studied under typical 
conditions of the present hydrof ormylation process. The DTS 
rhodiiam complex was utilized as a typical substituted alkyl 
diaryl phosphine rhodium complex catalyst for hydrof ormyla- 
tion and hydrogenation. Potass iiam hydroxide in methoxytri- 
glycol was employed as an aldolization catalyst. The 
methoxytriglycol was also used as the solvent for the other 
components of the mixture. The catalyst system was employed 
at the 110 ppm rhodium concentration level . The ligand to 
20 rhodium ratio was 140. The 1-butene reactant was employed 
in a standard manner. The initial H^/CO mixture used to 
pressure the mixture to 350 psi (26 atm.) had a 5/1 
mole ratio. The feed gas to maintain this pressure was a 
1.5 to 1 mixture. The latter ratio was employed because it 
25 is theoretically needed to produce the n,n- and i/n-anals. 

The reaction and product parameters of a group of 
experiments designed to obsesrve the effect of varying 
concentrations of KOH are summarized in Table XX. The 
product parameters, i.e., select ivities to the various 
products were obtained by glc analyses. For the analyses of 
the C^ arid C^^ aldehydes, a special 2m Carbowax column 10% 
CW on Chromosorb P diatomaceous earth was used. This was 
provided by Supelco, Inc., Supelco Park, PA- It provided 
good separation of the n,n-enal from the n,n-cuial. 
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However, the separation of the n.n-enal from the i,n-enal 
was not good. The small quantities of the i.n-enal 
formed could not be determined. Therefore, the overall 
n.i-ratios in the reaction mixtures with KOH could not be 
S exactly determined. The aldehyde selectivity to the main 
final aldehyde product, the n.n-enal. also includes 

minor quantities of the i.n-anal. However, this inclusion 
causes less than 10% -change in the composition, since the i 
minor i-c^ aldehyde is crossaldolized at a very slow rate 
10 The glc percentages are indicated on the basis of the peak 
intensities. No corrections were made for the possibly 
different glc response to and C^^ compounds. 

In the first four experiments, the hydroformyla- 
tion of butene was studied in methoxytri glycol but in the 
15 absence of KOH aldolization catalyst (Seq. Nos. 1 to ^) for 
comparison. All three experiments started with 5/1 H /CO 
gas. In the first experiment, the H^/CO ratio of the^ 
feed gas was close to one as usual . This experiment gave 
the usual high n/i ratio of aldehydes. This indicated 
that the solvent is an advantageous one. comparable to 
other polar oxygenated solverits (Seq. No. 1). 

The rest of the exjieriments used the same initial 
H^/CO ratio of 5 but a different H^/CO feed, of 1.5 
Also, the contents of the third and fourth reaction mixture 
were sampled for comparison with the experiments using 
added KOH. This and the other sampled runs provided less 
reliable absolute values than the uninterrupted experi- 
ments. However, sequences gave comparative relative numbers 
which showed the change of selectivity with increasing = 
30 conversion. 

The second experiment (Seq. No. 2) showed a much * 
increased n/i ratio compared to the first. This was the " 
consequence of the increasing H^/CO ratio, i.e., decreasing 
CO partial pressure during the reaction. Due to decreased 
35 availability of CO. this run also resulted in more 



20 



25 




«1 
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hydrogenation of the l-butene starting material and 
isomerized 2-butenes to n-butane. 

The results of the first sampled experiment are 
somewhat similar. This experiment shows that as a con- 
5 sequence of increasing H^/CO ratio, the selectivity is much 
higher at 80% conversion. (Seq. No. 3). - 

The fourth experiment (Seq. No. 4.) was sampled 
four times during ther run. It showed that up to 60% 
conversion, the n/i ratio was- moderately increasing as an 

10 apparent consequence of the increasing H^/CO ratio in the 
reaction mixture. 

The second group of experiments (Seq. Nos . 5-10) 
was run using varying aimounts of KOH, in the CO 5 to 0.2% 
range, under the same conditions. The data indicated that 

15 0.2% KOH was sufficient for the rapid conversion of the 

primary n-C^ aldehyde product (Seq. Nos. 7 and 8). The ..^ 
aldolization rate was much slower when 0.05% KOH was used 
(Seq. Nos. 5 and 5). The rate of the hydroformylation was 
estimated on the basis of the measured rate- of synthesis 

20 gas consxamption . Increasing H^/CO ratios generally resulted 
in increased n/i ratios and increased percentages of 
n— butane formation. Due to apparent CO starvation, the 
hon— sampled mixtures gave rise to signif idahtly higher 
H^/CO ratios than those frequently sampled during the run. 

25 The hydrogenation of the unsaturated aldehyde to 

the saturated aldehyde was relatively low. At 4-5% synthesis 
gas conversion, the percentage n,n— anal formed was less 
than 10% of the n,n— enal present. At that conversion, the 
overall selectivity to the n,n-enal was in excess of 80%* 

30 Example 1Q9 

Sequential Hydroformylation, Aldolization, Hydrogenation in 
Separate Stjapi^...,„„„,.„^,,,,... 

In a series of experiments, n— vaieraldehyde was 
produced by the hydroformylation of 1-butene and separated 
35 from the i-isomer. A 20% methoxytriglycol solution of the 
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n-valer aldehyde was then aldolized to p rovide 
the n,n--enal condensation product. It was observed 
that the aldolization was much slower in the absence 
of the hydroformylation catalyst system than in 
5 the presence of it in the previous example. After 
30 minutes reaction time, only a 1.2% conversion 
was reached. After 14 hours, the aldehyde conversion 
was 47.2%, i.e., the -concentration of the n,n-enal 
in mole equivalents was 47.2%. 

During the above experiment, and other 
experiments with KOH solutions in methoxytriglycol , 
yellow, then amber, then brown color formation 
was observed, indicating potential instability. 
The addition of 2% KOH to methoxytriglycol resulted 
15 in an amber color even at room temperature. Therefore, 
the amount of KOH in the hydroformylation experiments 
was minimized. 

to the reaction mixture from the above 
aldolization experiment, the hydroformylation catalyst 

20 of the pervious example was added. Then the mixture 
was pressured to 570 psi (-^39 atm. ) and heated 
as usual to 120°C with a 20/1 mixture of H^/CO. 
A high H^/CO ratio was used toincrease the hydrogenation 
rate of the n,n-enal to the n,n-anal. 

The hydrogenation of the n,n-enal to 
the n,n-anal was followed by glc. During the first 
90 minutes, the percentage conversic«i increased 
as follows: 5 (5 min.); 13 (20 min.); 21 (40 min.),; 
28 (60 min.); and 39 (90 min.). Under these conditions, 

30 no further significant aldolization of the n-C 
aldehyde occurred . 

Example 110 

Combined Hydrof ormylation-Aldolization of 1-Butene 
-z^ "^^^^ Various Tris-(Alkyl Diphenyl Phosphine) Rhodium 
•^^ Carbonyl Hydride Complexes 



The combined hydroformylation aldolization 
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of 1-butene under the conditions of Example 108 
was also studied witht he tris-(n-butyl diphenyl 
phosphine) and the tris-(n-hexyl diphenyl phosphine) 
complexes. The SEP complex was also used in this 
5 group of experiments under similar conditions but 

using a 1/1 rather than a 5/1 initial H^/CO reactant 
ratio. The results are shown in Table XXI. 

Overall , the data of Table XXT show that 
different alkyl diphenyl phosphine complexes are 
10 similar catalysts for combined hydrof ormylation 
aldolization.. The results also indicate that the 
provision of sufficient carbon monoxide for hydrof or- 
mylation is a key factor in avoiding olefin hydrogena— 
tion. 

15 The first two experiments (Seq» No.s 

1 and 2) with the butyl diphenyl phosphine complex 

(A) show the effect of the KOH on the aldolization. 

The results are similar to those obtained in comparative 
experime^nts using, the SEP complex in a previous 

20 example (See Table XX). The second pair of experiments 
(Seq. Nos. 3 and ^) shows the effect of starting 
witha synthesis gas having a low, i.e., 1.5, K^CO 
ratio. Lower selectivities to the n-product are 
obtained but the reaction rates are increased and 

25 the' by-product n-butane formation is drastically 
reduced- The two different catalyst ligands used 
in these experiments, i.e., n-hexyl diphenyl phosphine 

(B) and trimethylsilylethyl phosphine (C) , led 
to similar results. 

30 Example 111 

Combined Hydrogenat ion- Aldolization of 1-Butene 
at 14-5**C in the Presence of tris-SEP and tris-TPP 
. Rhodium Carbonyl. Hydride Complexes 

The combined hydrof ormylation-aldolizat ion 
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10 



15 



20 



25 



30 



of* 1-butene was also strudied xmder similar conditions 
at 145**C. At this temperature, the known tris-TPP 
complex is unstable under the reaction conditions • 
In contrast, the novel tris-SEP complex is stable. 
The experimental conditions and results are shown 
in Table XXII. 

As it is shown in this table, in the 
first pair of experiments (Seq. Nos. 1 and 2), 
both the triphenyl phosphine -(TPP) complex and 
the trimethylsilylethyl diphenyl phosphine (SEP) 
complex were employed as hydrof ormylatiop catlysts 
in methoxytriglycol in the absence of KOH. A comparison 
of the results showed that the rate of the SEP 
complex catalyzed reaction was higher. Even more 
significantly, the selectivity of the SEP complex 
to produce aldehydes of high n/i ratios was much 
higher (Seq. No- 1). At . 80% conversion, the SEP 
catalyzed reaction had a 7.6 n/i ratio. The comparable 
ratio for the TPP system was 3.1 (Seq. No. 2). 
Most revealingly, the TPP reaction gave an n/i 
ratio of 12.4 at 15% conversion. Apparently, during 
the further course of the experiment, the TPP catalyst 
system decomposed and led to species of much lower 
catalytic activity and selectivity. 

In the second pair of experiments (Seq. 
Nos. 3 and 4), the same two catalyst systems were, 
employed in the presence of KOH to effect hydrof ortnyla- 
tion and aldolization. KOH wasfound to be an effective 
aldolization catalyst. Both complexes were also 
effective in catalyzing the hydrogenation of the 
aldol condensation products* However, the difference 
between the activity and selectivity of the two 
catalysts remained. The SEP complex plus KOH system 
produced a 61' 6 n/i ratio of aldehydes at 80% conversion 
(Seq. No. 3). The comparative n/i ratio for the 
TPP complex plus base was only 4.-2 (Seq. No. 4-). 
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Tine above quantitative observations on 
the relative stability of the SEP suid TPP based 
systems could be qualitatively predicted when observing 
the respective reaction mixtures after the reactions. 
5 The SEP systems without and with base were yellow 
and amber, respectively. The TPP systems with and 
without base become black. 

INDUSTRIAL APPLICABILITY 

The catalysts and processes of the invention a-re 
10 useful in producing aldehydes from olefins. 
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WHAT IS CLAIMED IS : 

1. A catalyst of the formula 

5 At is an aryl group containing from 6 to 10 ^ 

carbon atoms ; . 

Q is a divalent organic radical selected from 
an alkylene radical and an alkylene radical the carbon 
chain of which is interrupted with at least one ether 
10 oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; 

E represents a member selected from -C-, 

-so^-, -C-, -OC-, -CO- , -i:-N 

^b»N-H, -N -C-. -O^-P^Jx:, -O^-PCqX^, -O- and -S-. 

15 wherein R^ is a member selected from H, an alkyl group 
containing f rom 1 to 30 carbon atoms and an aryl group, 
containing from 6 to 10 carbon atoms, and wherein x is 
an integer of 0 or 1 with the proviso that at least one 
X is 1; 

20 y represents the bonds of the group E 

available for bonding to said Q and R groups; 

b represents an integer of from 1 to 4- 
provided that y-b is not less than zero; 

R represents a member selected from an aryl 
group containing from l' to 28 carbon atoms and an alkyl * 
group containing from 6 to -10 carbon atoms and when E 

is -N^, R also represents a member selected from 3^"^, 

~R — C — cL 8 

^R^^* and which together with the N 



25 
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atom forms a heterocyclic ring, wherein R , R , R , R 
and R^ are hydrocarbyl radicals such that said hetero- 
cyclic ring contains from 2 to 15 atoms; 

X is an anion or organic ligand, excluding 
5 halogen satisfying the coordination sites of the 
rhodixmi metal; 

g times b is 1 to 6; 

n is 2 to 5 ; aun^d 

s is 1 to 3, 

10 2 . A catalyst of according to Claim 1 , 

wherein Rl^^^ represents RhH(CO) . 

3 . A rhodium— containing catalyst of the 
formula: 

( AT ^PQE^Ry^ ^ ) 3RhH ( CO ) 

15 wherein 

Ar is an aryl group containing from 6 to lO 
carbon atoms; 

- Q is a divalent organic radical selected from 
an alkylene radical and an alkylene radical the carbon 
20 chain of which is interrupted with at least one ether 
oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; and 

E^Ry_^ represents a member selected from-CR^f 

-PR^, -SO^R, -CR, -OCR, -COR and -OP::^^, -OPC^^. -OR, 

R^P O r9 O * 5 

25 -SR, -N-CR, -C-N-R, -C-N-H, -NR^ , -N^^R , -N:;;^§:rO, 

- ■■■■■e . • 

C C 8 

-N^^7 and -N;Cq^R t and wherein each R independently 
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represents a member selected from an aryl group contain- 
ing from 6 to 10 carbon atoms and an alkyl group 
containing from 1 to 28 carbon atoms; R^, R^, r'^ and R® 
are hydrocarbyl radicals such that the heterocyclic 
5 ring contains from 5 to 6 carbon atoms, and R^ 

represents a member selected from H, an alkyl group 
containing from 1 to 28 carbon atoms and an aryl group 
containing from 6 to 10 carbon atoms. 

4. A catalyst of the fonmila 

10 C(^2PQ)^CR^_^]g . (^a>s 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radical selected 
from an alkyl ene radical and an alkyl ene radical the 
carbon chain of which is interrupted with at least one 

15 ether oyxgen or phenylene group, wherein said alkylene 
radical contains from 1 to 3p carbon atoms; R is 
selected from an aryl group Containing from 6 to 10 
carbon atoms and an alkyl group containing 1 to 30 
carbon atoms; b is an integer of from 1 to 4; X is an 

20 anionligand, excluding halogen, satisfying the 

coordination sites of the metal; g times b is 1 to 6; n 
is 2 to 6; and s is 1 to 3. 

5. A catalyst according to Claim 4, wherein 
. RhX^ represents Elh(CO)H. 



25 



6. A catalyst according to Claim 4 of the 

formula 



( Ar ^PQCR^ ) 3RhH ( CO ) 
wherein Ar, Q and R are as defined in Claim 4. 
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7. A catalyst according to Claim 4 of the 

formula 

[ Pti^P^CH^ ] 3RI1H ( CO ) 

wherein Ph represents phenyl, m is an integer of from 1 
5 to 30, and R is as defined in Claim 4. 

8. A catalyst according to Claim 4 of the 

formula 

C Ph^PCH^CH^C ( CH3 ) 3 ] ^RhH ( CO ) 
wherein Ph is phenyl. 

9. A catalyst of the formula 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radicjal selected 
from an alkylene radical and an alkylene radical tjie 

15 carbon chain of which is interrupted with at least one 
ether oxygen or phenylene group, wherein the alkylene 
radical contains from 1 to 30 carbon atoms; R is 
selected from an, aryl group containing from S to 10 
carbon atoms and an alkyl group containing 1 to 30 

20 carbon atoms; b is an integer of 1 or 2; X is an. anion 
or organic ligand, excluding halogen, satisfying the 
coordination sites of the metal; g times b is 1 to 6; n 
is 2 to 6; and s is 1 to 3 . 

- 10, A catalyst according to Claim 9, wherein 
25^ BhX^ represents Rh(CO)H. 
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11. A catalyst according to Claim 9 of the 



10 



( Ar^PQSO^R ) 3RhH ( CO ) 
wherein Ar, Q and R are as defined in Claim 9. 

12. A catalyst according to Claim 9 of the 

formula 

£ Ph^PfCH^^-jjjSO^R ] ^RhH ( CO ) 

wherein Ph represents phenyl, m is an integer of from 1 
to 30, and R is as defined as in Claim 9. 

13, A catalyst according to Claim 9 of the 
formula 

( P^^2^^"2^^2^^2^2"5 ^-3^^ ^ ^ 
wherein Ph is phenyl. 

14.. A catalyst of the formula 
c 

wherein Ar is an aryl group containing from 6 to lo 
carbon atoms; Q is a divalent organic radical selected 
from an alkylene radical and an alkylene radical the 
carbon chain of which is interrupted with at least one 
20 ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; R is 
selected -from an aryl group containing from 6 to lo 
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carbon atoms and an alkyl group containing 1 to 30 
carbon atoms; b is an integer of 1 or 2; X is an anion 
or organic ligand, excluding halogen, satisfying the 
coordination sites of the metal; g times b is 1 to 6; n 
5 is 2 to 6 ; and s is 1 to 3 • 

15. A catalyst according to Claim 14, wherein 
RhX^ represents Rh(CO)H. 

16. A catalyst according to Claim 14 of the 

formula 

O 

10 (Ar2PQCR)2RbH(CO) 

wherein Ar, Q and R are defined as in Claim 14. 

17. A catalyst according to Claim 14 of the 

formula 

C . 
[Ph^P^CH^^^CRj 3RhH(CO) 

IS wherein Ph represents phenyl, m is an integer of f rora 1 
to 30, and R is as defined in Claim 14. 

18. A catalyst according to Claim 14 of the 

formula 

O 

(Ph^PCH^CH^CCH^ >3RhH(CO) 



20 wherein Ph is phisnyl. 



19. A catalyst of the formula 
O 

[(Ar2PQ)^PR3.^]g . (R^n^s 



.Q!^I 
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wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radical selected 
from an alkylene radical and an alkylene radical the 
carbon chain of which is interrupted with at least one 
ether oxygen or phenylene group, wherein the alkylene 
radical contains from 1 to 30 carbon atoms; R is 
selected from an aryi group containing from 6 to ID 
carbon atoms and an alkyl group containing 1 to 30 
carbon atoms; b is an integer of from 1 to 3; X is an 
anion or organic ligand, excluding halogen, satisfying 
the coordination sites of the metal; g times b 
is 1 to 6 ; n is 2 to 6 ; and s is 1 to 3 . 

20. A catalyst according to Claim 19, wherein 
RhX^ represents Rh(CO)H. 

21. A catalyst according to Claim 19 of the 
formula 

O 

( ArPQIsR^ ) gRhH (-CO ) 
wherein Ar, Q and R are as defined in Claim. 19. 

22. A catalyst according to Claim 19 of tlie 

20 formiala 

O 

wherein Ph represents phenyl, m is an integer of from 1 
to 30, and R is as defined in Claim 19. 

23. A catalyst according to Claim 19 of the 
25 formula . . • 

0 

{ Ph^PCH^CH^PPh^ ) 3RhH ( CO ) 
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wherein Ph is phenyl- 

24* A catalyst of the formula 
0 

[At^PqBoR]^ . iBhX^}^ 

wherein Ar is an aryl group containing from 6 to 10 
5 carbon atoms; Q is a divalent organic radical selected 
* from an alkylene radical and an alfcylene radical the 
carbon chain of which is interrupted with at least^one 
ether oxygen or phenylene group; wherein the alkylene 
radical contains fr-om 1 to 30 carbon atoms; R is 

10 selected from an aryl group containing from 6 -to 10 
carbon atoms and an alkyl group containing 1 to 30 
carbon atoms; X is an anion or organic ligand, 
excluding halogen, satisfying the coordination 
sites of the metal; g is 1 to 6; n is 2 to 5; and s is 

15 1 to 3. 

25 . A catalyst according to Claim 24 of t^e 

formula 

O 

( Ar ^PQCOR ) ^RhH ( CO ) 

wherein Ar, Q and R are as defined in Claim 24- 

20 26. A catalyst according to Claim 24 of the 

formula 

O 

( 'Pli^P4:CH^^j!^0R ) 3RhH ( CO ) 

wherein Ph represents phenyl , m is an integer of from 1 
to 30, and R is ;as defined* in Claim 24. 
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27. A catalyst according to Claim 24 of the 

formula 

C 

( Ph^PCH^CH^COCH^ ) ^RhH ( CO ) 

wherein Ph is phenyl. 

5 28. A catalyst of the formula 

[Ar PQ-NR^] . (Rhx ) 
g n s 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radical selected 
from an alkylene radical and an alkylene radical the 
10 carbon chain of which is interrupted with at least one 
ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; represents 
a member selected from the spr^oup consisting of 

4 -rI^ -C 8 
» -R§^Q» and J^R which together with the 

C 

15 nitrogen atom forms a heterocyclic nitrogen-containing 
ring, wherein R^, R^. r^, r'^ and R^ are hydrocarbyl 
radicals such that said heterocyclic ring contains from 5 
to 6 atoms; X is an anion or organic ligand, excluding 
halogen, satisfying the coordination sites of the metal; 

20 g is 1 to 6; n is 2 to 6; and s is 1 to 3, 

29. A catalyst according to Claim 28 of the 

formula 

[ Ar ^PQ-N^R^ ].3RhH ( CO ) 
wherein Ar, Q and are as defined in Claim 28. 
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30. A ca-talyst according to Claim 28 of -fclie 

formula 

[ Ph^P^CH^-^n^NCR"^ ] sRWf ( CO ) 

wherein Ph. represents phenyl, m is an integer of from 1 
5 to 30, and is as defined in Claim 28. 

31 . A catalyst according to Claim 28 of the 

formula 

o 

[PhgPCH^CH^-N:^ ]2RhH{CO) 
wherein Ph is phenyl. 



10 32 . A catalyst according to Claim 28 of the 

formula 

[Ph^PCH^CH^CH^-I^^Z^-ls I*(CO)H.. 
33. A catalyst of the formula 

[(Ar^ PQ)t,ER3_^] g • (R^n>s 

c 

15 wherein E represents — O P^^x"* , where x is an integer of 

^ ^x 

from O to 1 , with the proviso that at least one x is 1 ; 
Ar is an aryl group containing from 6 to 10 carbon 
atoms; Q is a divalent organic radical selected from ain 
alkylene radical and an alkylene radical the carbon 
20 chain of which is interrupted with at least one ether 
oxygen or phenylene groups, wherein said alkylene 
radica:i contains from 1 to,30 carbon atoms; H is 
selected from an aryl group containing from 6 to lO 
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carbon atoms and an alkyl group containing 1 to 30 
carbon atoms; b is an integer of from 1 to 4; X is an 
anion or organic ligand, exlcuding balogen, satisfying 
the coordination sites of the metal; g times b is 1 to 
5 6; n is 2 to 6; and s is 1 to 3 • 

34.. The catalyst according to Claim 33, 
wherein lUiX^ represents Rh(c6)H, 

35. A catalyst according to Claim 33 of the 

9 

[ AT 2PQOi< 2^ ] 3Rh ( CO ) H 
wherein Ar, Q, and R are as defined in Claim 33. 



formula: 

10 



36. The catalyst according to Claim 33 of the 

formula: 



[ Ph^P {-CH^-^^oli-g^ ] 3Rh ( CO ) H 

15 wherein Ph represents phenyl and m is an integer of 
from 1 to 30, and R is defined as in Claim 33. 

37. A catalyst of the formula: 



wherein E represents -o^K^x", wherein x is an integer 

of o or 1; Ar is an aryl group containing from 5 to 10 
carbon atoms; Q is a divalent organic radical selected 
from an alkylene radical and an alkylene radical the 
carbon chain of which is interrupted with at least one 



wo 80/01690 PCTAJS80/00213 



-157- 

ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; H is 
selected from an aryl group contai-iag from 6 to 10 
carbon atoms and an alkyl group containing 1 to 30 
5 carbon atoms; b, s an integer of from i to 3; X is an 
anion or organic ligand, excluding halogen,, satisfying 
the coordination sites of the metal; g is 1 to 
6 ; n is 2 to 5 ; and s is 1 to 3 . 

38 ♦ A catalyst according, to Claim 37, wherein 
10* represents Rh(CO)H. 

39. A catalyst according to CI. aim -ST of -^he 

formula: 



[Ar^PQOPCo^] 3Rh(CO)H 

wherein Ar, Q and R sire as defined in Claim 37 • 

15 4.0. A catalyst according to Claim 37^ of the 

formula: 

wherein Ph represents phenyl, m is an integer of frdm 1 
to 30 , and R is as defined in Claim '37 . 

20 41. A catalyst of the formula: 

[(Ar^PQ)^ -O -R2_blg • ^^r,K 

wherein Ar is an aryl group containing from 6 to lO 
carbon atoms; Q is a divale.nt organic radical selected 
from an alkylene radical and an alkylene radical the 
25 carbon chain of which is interrupted with at least one 
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ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; R is 
selected from an aryl group containing from 6 to 10 
carbon atoms and an alkyl group containing 1 to 30 
5 carbon atoms; b is an integer of from 0 to 2; X is an 
anion or organic ligand, excluding halogen, satisfying 
the coordination sites of the metal; g is 1 to 6; n is 
2 to 6; and s is 1 to 3 • 

4-2. A catalyst according to Claim -41 , wherein 
10 RhX^ represents Rh{CO)H. 

4^3. A catalyst according to Claim 41 of the 

formula: 

[ Ar^PQOR ] ^Rh ( CO ) H 
wherein Ar, Q, and R are as defined in Claim 41. 

44. A catalyst accprding to Claim 41 of the 

formula : 

( Ph^P^CH^ ) -^OR ] 3Rh ( CO ) H 

wherein Ph represents phenyl, m is an integer of from 1 
to 30, and R is as defined in Claim 4i. 

45. A catalyst for the formula: 

[(Ar^PQ)^SR^^^] g . (RhX^)3 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radical selected 
from .an alkylene radical and an alkylene radical the 
25 carbon chain of which is interrupted with at least one 
ether oxygen or phenylene group, wherein said alkylene 
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radical contains from 1 to 30 carbon atoms; R is 
selected from an aryl cn:*oup containing from 6 to 10 
carbon atoms and an alkyl gr^oup cos^feaii^ing 1 to 30 
carbon atoms; b is an integer of ^ from O to 2; X is an 
5 anion or organic ligand, excluding halogen, satisfying 
the coordination sites of the mfetal; g is 1 to 
6;' n is 2 to 6; and s is 1 to 3. 

4.6 • A catalyst according to Claim 45, vdterein 
RhX^ represents Rh(Cb)H. 

10 47. A catalyst: according to Claim 45 of the 

formula : 

[ Ar ^PQSR ] 3Rh ( CO ) H 



wherein Ar, Q and R are as defined in Claim 45. 

4-8. A catalyst according to Claim 45 of the 



15 formula: 



( Ph^P ( CH^ ) jj^SR ] ^Rh ( CO ) H 



wherein Ph represents phenyl , m is an integer of from 1 
to 30 , and R is as defined in CTsLim 4^5 . 

49 • A catalyst of the formula 
g9 O 

20 C(Ar^PQ)^l4 -CR^^i^lg . (R^n^S 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent . organic radical, selected 
from an alkylene radical and an a^lkylene radical the 
carbon chain of which is interrupted with at least one 

25 ether oxygen or phenylene group, wherein said alkylene 

* * 9 
radical contains from 1 to 30 carbon atoms; R is 
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selected from H, an alkyl group containing from to 
carbon atoms and an aryl group containing from to 
carbon atoms; b is an integer of l or 2 ; X is an 

anion or organic ligand, excluding halogen, satisfying 

the coordination sites of the metal; g times b is 1 to 

6; n is 2 to 6; and s is 1 to 5. 



RhX^ is Rh{CO)H, 



50. A catalyst according to Claim 49, wherein 



51. A catalyst of the formula 



10 



15 



20 



9 



n s 



wherein Ar is an aryl group containing from 6 to 10 
carbon atoms; Q is a divalent organic radical selected 
from an alkylene radical and an alkyl ene radical the 
carbon chain of which is interrupted with at least one 
ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; is 
selected from H, an alkyl group containing from 1 to 30 
carbon atoms and an aryl groi:^ containing from 6 to lO 
carbon atoms; b is an integer of 1 or 2; X is an anion 
or organic ligand, excluding halogen,' satisfying the 
coordination sites of the metal; g times b is 1 to 6; n 
is 2 to 6; and s is 1 to 3. 



52. A catalyst according to Claim 51, 
wherein RhX is Rh(CO)H. 



25 



53. A catalyst of the formula 



[Ar PQClvl-H]_ . (RhX ) 



n 
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wherein Ar is an aryl group containing from 6 to 10 

carbon atoms; Q is a divalent organic radical selected 

from an alkylene radical and an alkylene radical the 

carbon chain of which is interrupted .with at least bne 

5 ether oxygen or phenylene group, wherein said alkylene 

9 

radical contains from 1 to 30 carbon atoms; R is 
selected from H, an alkyl group containing from 1 to 
30 carbon atoms and an aryl group containing from 6 to 
10 . carbon atoms; b is an integer of 1 or 2; X is an 
10 anion or organic ligand, ..excluding halogen, satisfying 
. the coordination sites, of the metal; g times b is 1 to 
6; n is 2 to 6; and s is 1 to 3. 

.54.. A catalyst according to Claim 53, 

wherein RhX_ is Rh(CO)H. 
n 

15 55 . A hydrof ormylation process comprising 

reacting an olefin with and CO in the presence of a 
catalyst of the formula 

wherein 

20 Ar is an aryl group containing from 6 to 10 

carbon atoms ; 

Q is a divalent organic radical selected 
from an alkylene radical and an alkylene radical the 
carbon chain of which is interrupted with at least one 
25 ether oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; 

- E represents a member selected from ^-^-f 

• -^:',--SO^-, -C-,* -OC-. -CO-, -Nt:, -C-N -N -C-, 

n TD.-0^ n T>^^^^^ wherein R^ is a 
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member selected from H, and alkyl group containing from 
1 to 30 carbon atoms and an aryl group containing from 
6 to 10 combinations, and wherein x is an integer of O 
or 1 with the proviso that at least one x is 1 ; 
5 y represents the bonds of the group E 

available for bonding to said Q and R groups; 

b represents an integer of from 1 to -4 
provided that y-b is not less than zero; 

each R group independently represents a 
10 member selected from an aryl group containing from 6 to 
10 carbon atoms and an alkyl group containing from 1 to 
30 carbon atoms, and when E is -nC, R also represents 

5 

a member selected from Io^O» "Sv and ^^^R^ 

which together with the N atom forms a heterocyclic 
15 nitrogen containing ring, wherein r"^, r^, , r'^ and R® 
represent divalent hydrocarbyl radicals such that said 
heterocyclic ring contains from 5 to 5 atoms; 

X is an aiiion or organic ligand, excluding 
halogen, satisfying the coordination sites of the 
20 rhodium metal ; 

g times b is 1 to 6; 

n is 2 to 6; and 

s is 1 to 3. 

56 . A process according to Claim 55 , wherein 
25 RhX^ represents Rh(CO)H, 

. 57. A hydroformylation process comprising 
reacting said an olef inic compound with hydrogen 
and carbon monoxide in the presence of a reaction 
mixture comprising (l) a rhodium-containing catalyst 
30 having no reactive halogen and having at least one 

ligand complexed with said rhodium, wherein said ligand 
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comprises a complex compoimd cDn-baining at least one 
diary 1 phosphino alkyl groiip and wherein the number of 
such diaryl phcsphino- alkyi "^oups in complex associ- 
. at ion with said rhodiiom is at least 2, and (2) a 
5 non-*complex ligrand subs.tanti.ally all of -which is a 
non— complexed compoxind containing .at least one 
diaryl phosphino alkyl group, wherein, the molar ratio 
of rhodiiora to non-complexed ligand is greater thstn 
about 75 and wherein the ratio of the partial pressures 
10 of hydrogen to carbon, monoxide -is at least 3:1- 



58. A hydrof ormlation process comprising 
reacting ari olefxnic compound with hydrogen and carbon 
monoxide in the presence of - a reaction mixture 
comprising (1) a rhodium— containing catalyst having no 

15 reactive halogen and having at least one ligand 
complexed with said rhodium, wherein said ligand 
comprises a complex compoijind containing at least -one 
diaryl phosphino alkyl group and wherein the number of 
such diaryl phosphino. alkyl groups in complex associ- 

20 ation with said rhoditm is at least 2, cmid (2)- a 

non— complex ligand substantially all of which is a 

Id-' ■ 

hon— complexed compound conx^airiing at Teast one diaryl 
phosphino alkyl group to provide an aldehyde product 
having a normal to iso isomer ratio of at least about 
25 4:1, wherein the molar ratio of rhpdium to non- 

complexed ligand is greater -ttieui 100. and wherein the 
ratio of the partial pressures of hydrogen" to carbon 
monoxide is at least 3:1- 

59- A hydrof ormylation process according to 
30 Claim 57 or 58 , wherein the CO partial pressure is less 
than,.100 ^psi. 



V.'IPO 
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60. A hydrof ormylation continuous process 
comprising reacting an olefinic compoxand Vfith hydrogen 
and carbon monoxide in the presence of a reaction 
mixture comprising (1) a rhodixjm-containing catalyst 
having no reactive halogen and having at least one 
ligand complexed with said rhodium, wherein said ligand 
comprises a complexed compound containing at least one 
diaryl phosphino alkyl , gr o\:qp ' and wherein the number of 
such diaryl phosphino alkyl groups in complex associ- 
ation with said rhodium is at least two, and (2) a 
non-complexed ligand substantially all of which is a 
non-complexed compound containing at least one diaryl 
phosphino alkyl group, wherein said reaction is 
conducted at a temperature; olefin, CO and feed 
IS rates; a rhodium concentration and a rhodium to 

non-complexed ligand molar ratio effective to provide a 
rate of production of aldehyde of at least about 0.1 g 
mole/l-hr, wherein the ratio. of the partial pressures 
of hydrogen to carbon monoxide is at least 3:1, and 
continuously removing said aldehyde from the vapor 
phase of said reaction mixture. 

61 . A continuous hydroforn^lation process 
comprising reacting an olefinic compound with hydrogen 
and carbon monoxide in the presence of a reaction 
mixture comprising (1) a r hod i vim-containing catalyst 
having no reactive halogen and having at least one 
ligand complexed with said rhodium, wherein said ligand 
comprises a complexed compound containing at least one 
diaryl phosphino alkyl group and wherein the number of 
such diaryl phosphino alkyl groups in complex asso- 
ciation with said rhodiiom is at least two, and (2) a 
non-complexed ligand substantially all of which is a 
non-complexed compound containing at least one 
diaryl phosphino alkyl group, wherein said reaction is 
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conduc-ted at: a temperatrure , olefin, H^and CO feed 
rates, a rhodium concentration and a rhodium to 
n©n-complexed ligand molar ratio ' eff ective to provide a 
rate of production of aldehyde of at least about 0,1 
5 g-raole/l-hr , and an aldehyde product having a normal 
to iso isomer ratio of at least about 3rl, and wherein 
the ratio of the -partial pressures of hydrogen to 
carbon monoxide is at least 4:1, .and continuously 
removing said aldehyde from the vapor phase of said 
10 reaction mixture. 

62. A hydrof ormylation process according to 
Cl^im SO or 61 , wherein said reaction is conducted at a 
temperature of at least about 100^*0., a rhodium 
concentration of at least about .0001 molar, and a 

15 rhodium to non-complexed ligand molar ratio of over lOO. 

63. A hydroformylation process according to 
Claim 60 or 61 , wherein the non-complexed ligauad 
present in said reaction mixture cons-ists essentially 
of said non-complexed compound containing • at least one 

20 diary 1 phosphino alley 1 group. 

64. A process according to Claim 60 or 61, 
wherein said complexed and non— coraplexed compounds 
containing at least one diaryl phosphino allcyl group 
are of the formula 

25 (Ar2PQ)^EyRy_^ 

wherein 

Ar is an aryl group containing from 6 to lO 
carbon atoms; , ' 
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Q is a divalent organic radical selected from 
an alkylene radical and an alkylene radical tlie carbon 
chain of which is interrupted with at least one ether 
oxygen or phenylene group, wherein the alkylene radical 
5 contains from 1 to 30 carbon atoms; 

E is a member selected from a covalent bond, 

-Si-. -C-, -p:^-r , -p:r , -so^-, -co-, -oc-, 

-Nr, -C-N -C-N-H. -iSl -C-, -O^-P^qX:. -O^-PC^x^, 

-O- and -S-, wherein R^, R^ and R^ are each alkyl 
10 groups containing from 1 to 30 carbon atoms, wherein R^ 
is a member selected from H, an alkyl group containing 
from 1 to 30 carbon atoms and an aryl group containing 
from 6 to 10 carbon atoms, and wherein x is an integer 
of O or 1 with the proviso that at least one x is 1 ; 

y represents the bond of the group E 
available for bonding to the' groups Q and R; 

each R group independently represents a 
member selected from an alkyl group containing from 1 
to 30 carbon atoms and an aryl group containing from 6 
to 10 carbon atoms, and when E is -N , R also repre- 



20 



sents a member selected from ^r"^, «6^0, "^7 and 

— R-^ — R 

— C' 8 

_^^R which together with the N atom forms a hetero- 
cyclic ring, wherein R^, R^, R^, r"^ and R® are 
hydrocarbyl radicals such that said heterocyclic ring 
contains from 5 to 6 atoms; and 

b is an integer of from 1 to 4, provided that 
y-b is not less than zero.. 
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65 • A process according to Claim 60 or 61, 
wherein said complexed and non-complexed compounds 
containing diary 1 phosphino alkyl groups are of the 
formula 

wherein 

Ar is an aryl group containing from 6 to 10 
carbon atoms; 

Q is a divalent organic radical selected from 
10 an alkylene radical and an alkyl ene radical the carbon 
chain of which . is interrupted with at le^st one ether 
oxygen or phenylene group , wherein said alkylene 
radical contains from 1 to 30 carbon atoms; 

E ±'s a inember selected from a covalent bond, 

c cop 
15 -Si-, -C-, -P:^-R^» -F><,-S05, -CO-, -OC-, -nC, 

^ R^ R^ 0 

-G-N -C-N-H^ -N -d-, -O -PCn^_» "Q "O- 

. ^X ^ X 

12 3 - 

-S— , wherein R , R and R are each alkyl groups of 

9 

from 1 to 30 carbon^ atoms, wherein R is a member 
. selected from-H, an -a:lksrl.,..grotar^ • gjoixtain^ng f rom* 1 to -30 
20 carbon atoms and an aryl group containing from 6 to 10 
carbon atoms, and -wherein x is an integer of O or 1 
with the proviso that at least one x is 1; 

Each R group independently represents a 
member selected from an aryl group containinig from 6 to 
25 10 carbon atoms, and an alkyl group containing from 1 
to 30 carbon atoms, and when E is -nCi R also repre- 

5 

sents a member selected from R , ^6*^0, and 
— C 8 

_^^R "whibh together with the N atom forms a hetero- 

5 6 

cyclic nitrogen containing ring, wherein R , R , 
7 8 

30 R and R represent divalent hydrocarbyl radicals such 



wo 80/01690 



PCTAJS80/00213 



-158- 

that said heterocyclic ring contains from 5 to 6 atoms; 
and 

y represents the bonds of the group E 
available from bonding to the groups Q and R. 

5 66. A process according to Claim 60 or 61, 

wherein said complexed and non-complexed compotmds 

containing diary 1 phasphino alkyl groups are selected 

from the group consisting of -Ph^PCH^Ch^Ph , 
o o ^ 

10 Ph2PCH2CH2C0CH3, Ph3PCH2CH2Si( CH3 ) 3 . Ph^PCH^CH^C ( CH3 ) 3 , 
wherein Ph represents phenyl .* - " * 

67. A process according to Claim 60 or 51, 
wherein the ratio of partial pressures of hydrogen to 
carbon monoxide is from about 3 to about 1.. 

58. A process according to Claim 60 or 61, 
wherein the total pressure during the reaction is from 
about 1 to about lOOD (psig) ; 

69. A continuous hydrof ormylation process 

comprising 

(A) reacting an olefinic compound with 
hydrogen and carbon monoxide in the presence of a 
reaction mixture comprising (1) a rhodium-containing 
catalyst of the formula 

[(Ar2PQ)^EyRy^^]g • f^^n^s 

wherein Ar is an aryl group containing from 6 to 10 
carbon atoms ; 

Q is a divalent organic radical selected from 
a alkylene radical and an alkylene radical the carbon 



20 



25 
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chain of" which is interrupted vriLth at least one ether 
oxygen or phenylene group, wherein said alkylene 
r'ad'ical *e:*(Mltaifi& "*£FSm 1 to 30 carbon atoms; 

E is a member selected' from a covalent bond. 



vt^ o CO G 

5 -Si-, -C-, -Pt-R . -Pv. -C-, -CO-, -0C-. --Nx, 

XX 

-S-, wherein R**", and R^ are each allcyl groups 
containing trdrn 1 'to 30 carbon atoms , wherein R is a 
member selected from H, an alkyl group containing from 
10 1 to 30 carbon atoms and an aryl group containing from 
6 to 10 carbon atoms, and wherein x is an integer of O 
or 1 with the proviso that at least one x is 1; 

y. represents the bonds of the group E 
available . for bonding to the ^groups Q and R; 
15 each R group independently represents a 

member selected, from an allcyl group containing from 1 
to 30 carbon atoms and an aryl cfroijp containing from 6 
to 10 carbon ^toms,. and when E is -nC, R also repre- 

^ p 



sents a member selected from 'JR , _p^6;:0, ^j^^, 



20 which together with the N atom forms a heterocyclic 

4- 5 6 V 8 
ring, wherein R , R , R , R and R are hydrocarbyl 

radicals such that said heterocyclic ring contains from 

5 to 6 atoms ; 

b is an integer of from 1 to 4., provided that 

25 y-b is not less than zero; 

X is an ainiori br 'organic ligand, excluding 

halogen, satisfying the coordination sites of the 

rhodixam rimetal ; 
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g times b is 1 to 6; 
n ±5 2 to 6; and 
s is 1 to 3 ; and 

(2) a non-complexed ligand substantially all 
of which is a non-complexed compoxand of the fox*mula 

wherein Ar, Q, E, R, y and b are as defined above, 

said reaction being conducted at a tempera- 
ture; olefin, and CO feed rates; a rhodium concentra- 
tion; and a rhodium to non-complexed ligand molar ratio 
effective to provide a rate of production of aldehyde 
product of at least about 0.1 g mole/l-hr, and the 
ratio of partial pressures of said hydrogen to said 
carbon monoxide being at least 3:1; and 

(B) continuously removing aldehyde from 
the vapor phase of said reaction mixture, 

70. A continuous hydrof ormylation process 

comprising 

(A) reacting an olefinic compound with 
hydrogen and carbon monoxide in the presence of a 
reaction mixture comprising (1) a rhodium-containing 
catalyst of the formula 

HAr^PQ)K^R^_^2^ - RhH(CO) 

wherein Ar is an aryl group containing from 6 to lO 
carbon atoms ; 

Q is a divalent organic radical selected from 
an alkylene radical and an alkylene radical the carbon 
chain- of which is interrupted with at least one ether 
oxygen or phenylene group, wherein said alkylene 
radical contains from 1 to 30 carbon atoms; 
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E is a member selected from a covalent bond, 
-si-, -6-. -^:^-R^, , -SO--, -fi-, -CO-, -OC-, 

12 3 

-O- and wherein R , R and R are each, alkyl 

5 groups containing from 1 to 30 carbon atoms, wherein 
R^ is a memher - selected from H, an alkyl ^ group 
containing from 1 to 30 carbon atoms and an aryl group 
containing from -6 to 10 carbon atoms, and wherein x is 
an integer of O or 1 with the proviso tl^tat at le^st one 
10 X is 1 ; 

y represents the bonds of the group E 
available for bonding to said Q and R groups; 

R represents a member selected from an alkyl 

group containing from 1 to 30 carbon atoms and an -aryl 

15 group containing from 6 to 10- carbon atoms , and when E 

is -nC, R also represents a member selected from ZJl , 
c c 

5 *' '* 

"^g^O, r^y, 7?:::R® which together with the N atom 



4 „5 _6 ._7 



forms a heter*ocyclic ring, wherein R , R , R , R aiid 
R® are hydrocarbyl radicals such that said heterocyclic 
20 ring contains from .5 to 6 atoms; and 

(2) a non-complexed ligand substantially all 
of which is a non-complexed compoiand of the formula 

(Ar2PQ)EyRy_^ 

wherein Ar, Q, E and y are as defined above, 
25 said reaction being conducted at a tempera- 

ture; olefin, and CO feed rates; a rhodium concen- 
tration; and a rhbdilM 'to 'nSft-cdmplexe^ ligand 
molar ratio to provide a rate of production of aldehyde 
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product of at least about 0.1 g mole/l-lur, eund to 
provide a C^_j_^ aldehyde product having a normal to iso 
isomer ratio of at least about -4:1, wherein the ratio 
of the partial pressures of said hydrogen to said 
5 carbon monoxide is at least 3:1; and 

(B) continuously removing aldehyde from the 
vapor phase of said reaction mixture. 

71. A hydroformylation process according to 
Claim 59 or 70, wherein the CO partial pressure during 

10 said reaction is less than 100 psi. 

72. A hydroformylation process according to 
Claim 69 or 70, wherein said rhodium-containing catalyst 
is selected from the group consisting of 
RhH ( CO ) ( Ph^PCH^CH^Ph ) ^ , RhH ( CO ) ( Ph^PCH^CH^PPh^ ) 3 , 

15 RhH(C0)(Ph2PCH2CH2-NCj RhH{ CO) (Ph^PCH^CH^CCH^ ) ^ , 

RhH ( CO ) ( Ph^PCH^CH^ C-OCH3 ) 3 , ' RhH ( CO ) ( Ph^PCH^CH^S i ( CH3 ) 3 ) 3 , 



RhH (CO ) ( Ph^PCH^CH^e ( GH3 ) 3 ) 3 . 



20 



73. A hydroformylation process according to 
Claim 69 or 70, wherein the non-complexed ligand 
present during said reaction consists essentially of 
said non-complexed compound- 

74. A process according to Claim 69 or 70, 
wherein the ratio of partial pressures of hydrogen to 
carbon monoxide is from about 3 to about 1. 



25 



75. A process according to Claim 59 or 70, 
wherein the total pressure during the reaction is from 
about 1 to about 1000 (psig) . 



wo 80/01690 PCTAJS80/002X3 



-173- 

76. A hydrof ormylation process comprising 
reacting an olefin with and CO in the presence of a base 
aldol condensation catalyst and a complex of the formula 

5 wherein 

Ar is an aryl group containing from 6 to 
10 carbon atoms; 

Q is a divalen-t organic radical and am alkylene 
radical the carbon chain of which is interrupted with at 
10 least one ether oxygen or phenylene group, wherein said 
alkylene radical contains from 1 to 30 carbon atcans; 

E represents a member selected from — 

-P-: . -SO^, -fi-, -^OC-, -CO-.N< , -C-N-N-, -C-N-H, 



_N -C-, , -O- and S.,. wherein is a member 



^ • o - .9 



X 



15 selected from H, an alkyl group containing from 1 to 30 
carbon atoms and an aryl group containing from & to 30. 
carbon atoms , and wherein X is an interger of O or 1 witdb. 
the proviso that at least one X is 1; 

y represents the bonds of the group E available 
20 for bonding to said Q and R groups; 

b represents an integer of from 1 to 4. provided 
that y— b is not less than zero; 

each R group independently represents a member 
selected from an aryl group containing from 6 
25 to 10 carbon atoms and an alkyl group containing from 
1 to 30 carbon atoms, . and. when .E is -NC t R also 
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represents a member selected from'~^R'^, ~^6^o, ~?7 

o 

n 

and vrtiich together with the N atom forms a 

W 
0 

heterocyclic ring, wherein r"^, , R^ , r*^ and R® are 
hydrocarbyl radicals such that said heterocyclic ring 
5 contains from 5 to S^atoms; 

X is an anion or organic ligand, excluding 
halogen satisfying t^e coordination sites of the 
rhodiiam metal ; 

g times b is 1 to 6 ; 
10 n is 2 to 6; and 

s is 1 to 3 . 



77. A process according to Claim 76, wherein 
RhX^ represents Rh(CO)H. 



20 



78. Complexes of the formula: 
wherein Ar is a substituted c5r unsubstituted C 



'6 

^10 ^^o^atic radical, Q is a substituted or 
unsubstituted C^ to C^^ saturated open chain alkylene 
radical, R is an unsubstituted or monosubstituted 
^1 ^10 ^y^ocarbyl radical, M is a Group VIXI 
transition metal, X is an anion or organic ligand, 
excluding halogen, satisfying the coordination 
sites of the metal, y is 1 to 4, g times y is 1 to 5, N 
is 2 to 6, and s is 1 to 3, said substituents on said 
25 aromatic radical, on said alkylene radical and on said 
hydrocarbyl radical being chemically unreactive with 
materials used in and the products of, a hydrof ormyla- 
tion reaction. 
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79. Complexes of the formula 
( Ar2PQSiR3 ) ( CO ) H 
wherein Ar is a substituted or unsubstituted C 
to C^Q aromatic radical , Q is an imsubstituted 



6 



5 or monosubstituted to C^^ open chain alkylene 

radical: and R is an unsubstituted or monosubstituted 
C^ to hydrocarbyl radical, said substituents 

on said aromatic radical, on said alkylene radical 
and on said hydrocarbyl radical being chemically 
ID unreactive with materials used in and the products 
of a hydroformylation reaction. 

80. Complexes of the formula 
[Ar^PQSiR3)2Rl^(C0)3]'*'[B(CgH5)^]"" 

wherein Ar is a substituted or unsxabstituted Cg 
15 to C^Q aromatic radical, Q is an unsubstituted 
or monosubstituted C^ to C3Q open chain alkylene 
radical , and R is an unsubstituted or monosubsti- 
tuted to C^Q hydrocarbyl radical, said substi- 
tuents on said aromatic radical, on said alkylene 
20 radical and on said hydrocarbyl radical being chemic- 
ally unreactive with materials used in and the products 
of a hydroformylation reaction. 

81 • Complexes af the formula 
C(Ar2PQ)ySiR^_y]g(MX^)3 

25 wherein Ar is selected from phenyl and mono-, di- or 
tri-substituted phenyl, said substituents being 
seZeci:ed. f rom the grroup consisting of fluorine, 
methyl and acetyl; Q is selected from a xylylene 
aiicL a/c^'^'to C^. straight chain alkylene divalent 
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radical; R is a to. Cg liydrocarbyl radical selected 
from tlie group consisting of to alkyl, 
and Cg cycloalkyl, and phenyl; M is a Group VIII 
transition metal; X is an anion or organic ligand, 
5 excluding halogen, satisfying the coordination 

sites of the metal; y is 1 to 4-; g times y is 1 to 6 ; n 
is 2 to 6; and s is 1 to 3. \ 

82* Complexes of Claim 81, wherein M is Rh. 

83. Complexes of Claim 82, wherein Ar is 

10 phenyl. 

84^. Complexes of the formula 
[ (Ar2PQ)ySiR^^^]g[Rh(CO)H]^ 

wherein Ar is selected from pehnyl and mono-, di— or 
tri -substituted phenyl, said substituents being 

15 selected from the group consisting of fluorine, 
methyl and acetyl; Q is selected from a xylylene 
and C^ to C^^^ straight chain alkylene divalent 
radical; R is a C^ t.o hydrocarbyl radical selected 
from the group consisting of C^ tp C^ alkyl, C^ 

20 and Cg cycloalkyl, and phenyl; y is 1 to 4-;- g times y 
is 1 to 6 ; cund s is 1 to 3 . 

85. Complexes of the formula 
( Ar ^PQS iR^ ) ^Rh ( CO ) H 

wherein Ar is selected from phenyl and mono-, di- or 
25 tri-substituted phenyl, said substituents being 

selected from the group consisting of methyl, fluorine 
and acetyl; Q is selected from xylylene and a C^ to C^^ 
straight x:hain alkylene divalent radical ; and R is C^ 
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to hydrocarbyl radical selected from a group 
consisting of to Cg alkyl, and C^cycloallcyl , and 
phenyl • 

86 » Complexes of Claim 84 or 85 wlnerein, 
5 Ar" is phenyl. 

87. Complexes of the formula 

wherein Ar is selected from Phenyl and mono-, di- or 
tri-aubstituted phenyl, said substituents being 

10 selected from the group consisting of fluorine, 
methyl and acetyl; Q is selected from a xylylene 
and a C„ to . straight chain alkylene divalent 
radical; and R is a C^ to C^ hydrocarbyl radical 
selected from the group of C^ to C^ alkyl, C^ and C^ 

15 cycloalkyl, and phenyl- 

88. Complexes of Claim 87, wherein Ar is 

phenyl . 

89. Complexes of the formula 



20 



[ (02P(CH2)^)ySiR^^y]gtRh(CO)H]3 

wherein R is a C^ to C- hydrocarbyl radical selected 
from the group of C^ to C^ alkyl, C^ to Gg cycloalkyl 
and phenyl; m is 2 to 14; y is 1 to 4; g times 
y is 1 to 6; and s is 1 to 3. 

90. Complexes of Claim 89, wherein y is 1 or 

2. 
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91. Complexes of Claim 89, wherein y 
is 2, g times y is 6 and s is 

92- Complexes of tJie formula 

( [02P^^«2^ra^^^f^"3^2^3f^^f^O^^^2 
5 wherein m is 2 to 1-4. 

93. Complexes of Claim 92, wherein m is 2 to 

3. 

9-4. Complexes of the formula 
(Ar2PQ)ySiR^_y g ^ tMX„)s 

lO wherein Ar is an unsubstituted C^ to C, ^ aromatic 
radical ; Q is an unsubstituted C^ to C^^ saturated 
open chain alkylene radical ; R is an unsubstituted 
^1 ^9 ^10 ^y<^J^ocarbyl radical; M is a Group VIII 
transition metal; X is an anion or organic ligand, 

15 excluding halogen, satisfying the coordination 

sites, of. the.metal ; y is 1 to 4-; g times y is 1 to 6 ; n 
is 2 to 6; and s is 1 to 3. 

95, Complexes of the formula 

(Ar PQ) SiR, X [RH{CO)H] 

^ y ^-~y ^ s 

20 wherein Ar is an xinsubstituted C^ to C.,^ aromatic 

o lO 

radical; Q is an unsubstituted C^^ to C^q saturated 
open chain alkylene radical; R is an imsubstituted 
^1 ^10 ^^yd^rocarbyl radical; y is 1 to 4; g times y 
is 1 to 6 ; h is 2 to 6 ; and s is 1 to 3 . 
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KEY STEPS IN THE MECHANISM OF PHOSPHINE-RHODIUM 
COMPLEX CATALYZED WDROFORMYLATIQN OF OLEFINS 



RCH=CH2 , 

(Ar„PR),Rh(CO)H-=^=^(Ar^PR^RhCCO)H ^{Ar^PR^Rh(CO) 



"2 '3 
tris-phosphine 



trons- 
bis ph^sphiine 

I - 

-RCH^CHj^CHO I 

I Ho 
(Ar PR) Rh(CO)H-«— ^ 
2 2 



RCH^CH.CO 
2 2 



I 



RCH^CH^ 



!. Rearr 
2.CO 



(ArPR) Rh(CO) 
2 2 



RCH^CHg CO 



FIG.I 
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SCHEME OF AUTOCLAVE FOR HYDROFORMYLATION 

TOP 
FEED GAS 




INTRODUCTION 



MAGNETIC DRIVE 
ASSEMBLY 



SIDE 
FEED GAS 



INTRODUCTION 



PRESSURE 
REACTOR 
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CATALYST STABIUTY AT HIGH TEMPERATURE 
HYDROFORMYLATION OF BUTENE-I . 

350 psr C0/H2(I*4)AT 145* 
lOTppm Rh, UGAND/Rh» 140 




o [^PCH^CH^Si(CH2)^]2Rh(C0)H 



5 10 15 

REACTION TIME,MIN. 



FIG.5A 
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CATALYST STABIUTY AT UOW LIGAND/Rh 
RATIO HYDROFORMYLATION OF BUTENE-I 



350psi CO/H2 (h4)AT I00» 
lOSppm Rh, UGAND/Rh^27 




10 15 20 

REACTION TIME, MIN. 



FIG.5B 
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BUTENE HYDROFORMYLATION RATEVERSUS TEMPERATURE 
CORRELATIONS IN THE PRESENCE OF EXXON AND UNION CARBIDE 
RHODIUM- PHOSPHINE COMPLEX CATALYSTS 
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l-BUTENE HYDROFORMYLATION TEMPERATURE VERSUS 
n-VALERALDEHYDE (n)TO TOTAL VALERALDEHYDE(n+i) 
RATIO CORRELATIONS IN THE PRESENCE OF SEP AND TPP 
BASED RHODIUM-PHOSPHINE COMPLEX CATALYSTS 
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l-BUTENE HYDROFORMYLATION TEMPERATURE VERSUS 
BUTANE BY-PRODUCT FORMATION CORRELATIONS 
IN THE PRESENCE OF SEP AND TPP BASED COMPLEX CAIALYSTS 
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I-BUTENE HYDROFORMfYLATION TEMPERATURE VERSUS 
2-BUTENES BY-PRODUCT FORMATION 
CORRELATIONS IN THE PRESENCE OF SEP AND TPP COMPLEX 

CATALYSTS 
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EFFECTOFDTSLIGAND TO RHODIUM RATIO 
ON SELECTIVITY OF BUTENE HYDRO FORMULATION AT 145 AND ITO^C 
at HO ppm Rh cone, and 350 psl pressure 
L^RhCCX^H COMPLEX} L^DTS^O^ PCH^CH^SiMej 
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